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Section 1.0

Results of a third and final phase in a general study of the
structural dynamic properties of tactical missile joints are presented.
This effort, undertaken by the Pomona Division of GCneral Dynamics for
the Haval Air Systems Command, has been intended to provide a better

understanding of mechanical joint effects on missile dynamic response
and improved methods for predicting and representing their character-
istics in system simulation and response studiea.

Highlights of the results obtained in the first two stud; phases
(References m and 2) are reviewed, covering an industry survey, classi-
fication scheme, and parametric evaluation of joint compliance effects.
Finite element structural aualysis tcchniques started in Phase 1 and
completed in this final study phase are shown to be zapable of providing
reliable estimates of joint compliance in complex actual missile struc-
tures.

Experimental methods are reviewed and a joint compliance extrac-
tion code designed to solve for joint properties from wdal test data I
is described in some detail. This method, also started in the Phase 1
study, has been refined ditring the present phase to improve convergence
and user convenience. A user's manual for this code is included as an
Appendix.

An exploratory study of missile joinz self-induced vibration is
presented together with av initial evaluation of some promising methods
for suppression and control. The report concludes with a discussion of
a proposed rating system for tactical missile joints with the objective
of offering the designer some perspective on integrating the many
consi.derations such as strength, producibility, and maintainability, in
addition to compliance, into overall system requirements.
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Section 2.0

INTRODUCTION

The structural dynamic properties of tactical missile joints can
play an extraordinarily important role in weapon system structural
response characteristics. This report deals with the third and final
phase of an exploratory study o2 the primary structural dynamic
characteristics of missile mechanical joints and the analytical and
experimental tools identified and developed for predicting their
behavior.

The most conspicuous attribute of the average tactiial misoile
joint is flexural compliance under applied bending moment. The first
phase study was largely devoted to an examination of this characteristic
starting with a literature search and an industry survey to sample
othprs'experience followed by a parametric study of joint compliance
effects, elastic coupling, the significance of stiffness discontinuities
and the importance of considering actual load paths through joint
elements. Based on the industrv survey, it was concluded that investiga-

tors generally represent missile joints in analytical modeling by flexural
springs selected by trial and error to match :,easurel response character-
istics. Joint compliance effects were typically found to account for
more than 30 percent of the total elast4 .c deformation of a miaaile in
its primary bending modes.

A joint classification scheme proposed in a NASA study reported
in Reference 3 suggested factors of ten increase in compliance progress-

ing from each level - Excellent, Good, Moderate, and Loose. Thus, a
"Moderate" joint would be 10 times as complia~it as a "Good" joint and
100 times as compliant as an "Excellent" joint. Vie.ied in terms of stiff-
ness Xoss in a typical missile airframe, a "Good" joint represents a
local reduction in section propevties of approximately 60 percent over a span
of one half body diameter. A "Moderate" joint would correspondingl,
r,.uuce local section properties 95 percent. Such gross structural
inefficiencies are attributed to poor distribution of load paths through
joint interfaces. Figure 2-1 shows the powerful influence of joint
compliance on the first mode frequency of a missile idealized as a
uniform beatr.

From the standpoint of the structural dynamic analyst charged
with the responsibility for developing adequate math models in develop-
mental studies, methods for accurately estimating joint compliance are
of paramount importance. The advent of fl.iite element structural analy-
sis techniqueb has offered some very promising tools for realistically
representing detailed elastic behavior with joint elements. Finite ele-
ment uiodeling of idealized joint, was started in an exploratory effort
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during Phase I and - based on encouraging results - considerably
expanded during Phase 2 to encompassan actual missile joint design for
which accurate compliance test data were available for correlation
purposes. This effort has been continued during the present and final
study phase with emphasis on computational economy and is presented in
Section 3.0.

Experimental methods when test hardware is available offer
another important approach to the determination of missile joint
structural dynamic properties. An ideal test configuration for evalua-

ting joint properties is considered to be a simple uniform structure
on a free-free suspension to avoid external constraints and with the
subject joint located at mid-span. The joint bending compliance then
has a eominant effect on odd numbered modes (1, 3, . . . ) and the
joint shear compliance is exposed by even numbered modes (2, 4, . .

Simple tests were performed during Phase 1 on tubular models to illus-
trate the basic test approach and to explore the effects of load path
discontinuities. Actual missile joint hardware was employed in a
series of four similar tests during the Phase 2 study, with data on two
joint configucations being provided in a colloborative effort by Naval
Weapon Center, China Lake personnel. One joint test of particular
interest involved a shear joint with 18 radial screws. Joint compliance
was evaluated parametrically as a function of number of fasteners,
producing the surprisingly consistent and well ordered results shown in
Figure 2-2. An exploratory generalization of this shear joint behavior
is shown in Figure 2-3 with the cautionary comment that the derived
compliance expression must be viewed with some skepticism since it
considers only joint diameter and number of fasteners. Test data for
two unrelated specimens are compared with the empirical compliance
expression in the figure, however, and show better agreement than might
be expected. The 8 fastener data point is taken from the 8-inch
diameter shear joint tested at the Naval Weapons Center, China Lake and
reported in the Phase 2 study. The 3 and 6 fastener data points are
taken from the segmented tube test data in Phase 1 extrapolated to a
"fastener" ai~c length of 2 degrees in order to correspond to the 1/4
inch bolts used with the 13.5 inch diameter data source.

The opportunity to test single joints in the "ideal" configura-
tion is the exception rather thar the rule, however, and more generally
dynamic testing is performed on total airframes with many joints. The
traditional approach consists of hand tuning compliatice values to
produce matching results between the mathematical model and measured mode
shapes and frequencies. Since this is a laborious, time consuming, and
often frustrating task, an automated and systematic approach is desirable.
To these ends, an exploratory effort based on the optimization method of
steepest descent was developed in Phase 1 of the study. This method of
extracting joint compliance values from a set of measured missile
elastic mode freqt-ncies and shapes was shown to be feasible. However,

3



various limitations in the implemented method precluded full develop-
ment. A more general approach developed by Hall, Calkin and Sholar,
Reference 4, appeared in the literature and it, fluse 2 their method was
applied to the problem of extracting Joint compliances. The result is
a digital computer code. In Phase 3 refinements were added to the
joint compliance extraction technique code to increase its utility and
a user's manual was prepared for the code. Section 4 and the Appendix
of the present report present the Phase 3 efforts on the joint com-
pliance extraction technique.

Another important ciaracteris'ic of missile airframe joints is
that of self-induced vibration. This behavior is most usually asso-
ciated with joint designs havinE inherently low interface prelbads, and
its presence can create unnecessarily severe environments in laboratory
testing as well as in both captive and free-flight. Sectiou 5 of this
report describes an investigation of this phenomena covering both full
scale and model exploratory testing.

The final section of this report, Section 6, illustrates a
method of integrating the structural dynamic properties of joints with
other important mechanical attributes that airframe joints must possess
to meet overall system requirements.

4
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eo Section 3.0

JOINT COMPLIANCE ANALYSIS

Finite element structural analysis methods have been shown in

earlier study phases to offer considerable promise as means of predicting
tactical missile mechanical joint properties. In the Phase 2 portion of
the investigation a finite element type of analysis was performed on an
eighteen fa;tener shear joint. The analysis made use of the NASTRAN
computer program. The math model used described the structure on each
sile of the joint by means of a set of conical shell elements, Bolts
were then described by discrete springs. Each spring constrains two
corresponding points on each side of the joint. The solution process is
based on a Fourier series expansion about the circumference. Thus forces
and displacements are determined by summing a set of harmonic components.

The compliance associated with various harmonics can be zero. The zero

compliance harmonics are well defined for uniform bolt patterns. Thus
for a joint with n bolts, the compliance associated with all harmonics
are zero except for harmonics 0, 1, n-l, n + 1, 2 n-l, 2 n -4- 1,...

In Dhase 2 the problem was formulated and computations were
performed entirely on NASTRAN. The cost per computer run was quite high

even though only twelve harmonics were used. Two effects played a role
in the high cost. If the structure was geometrically axisymmetric the

stiffness matrix for each harmonic would be uncoupled from all others,

however, due to the bolts the structure is asymmetric. Thus a coupling
between harmonics results with a corresponding high computer solution
time. The problem is aggravated to a considerable degree by the fact that

the zero harmonics cannot be excluded from the solution process. Thus to
solve this problem using say 50 harmonics is almost prc ibitive.

On examining this problem it became apparent that it was not
inherently expensive but rather due to limitations within the NASTRAN
program. It also became appareTnt that a small efficient computer program

could be written which used certain NASTRAN utputs., This was done as
part of the Phase 3 finite element analysis effort.

The new computer program uses NASTRAN generated stiffness
coefficients associated with each harmonic and the structure on each side
of the joint.

S3.1 PROBLEM FORMULATION

Consider two axisymmetric shells with a common axis of symmetry

which are attached together with respect to a discrete set of points
around the circumference as shown in Figure 3-1.

8
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Figure 3-1. Sketch Showing Two Axisymmetric Shells Attached
at a Discrete Set of Points

We require the attachments to be positioned so that they are symmetric

with respect to a plane of symmetry which includes the missile longitudi-
nal axis. The attachment forces do not act at points but rather over a

small area defined by the thickness of the shell and an arc length
defined by the enclosed angle C as shown in Figure 3-2.

Figure 3-2. Area Over Which Bolt Acts as
Defined in Math Model

Also the distribution of the load over the area is taken as uniform.
Let ,. be the resultant bolt force acting on the area. The stress W( 6)

can then be expanded into a cosine series in the form

9
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On doing so we obtain

ado•.- C•("s)) (3.2)

or

A C(e/,) (3.3)

The use of the cosine series imposes the requirement that the horizontal
plane be a plane of symmetry The quantity *or('&) has units of load per
unit arc length. The quantity f'(D). *a-<&) can be expressed in the
form

where

It can be interpreted as a generalized force associated with the n th

harmonic. Let VnL be the generalized force associated with the n th
harmonic and the i th bolt. Let the joint have b bolts and let 40'i be
the force resultant for the i th bolt acting at 4i . Then the harmonic
generalized forces F. associated with the set of bolts used on the joint
are

Let us define a matrix with elements a i

dJ gE(3.7)

Let f and respecLively be elements of column vectors ff and
[p43 Then-from (3.6) and (3.7) one can see that the following
relitionship holds

10



Let -ojj"be a diagonal matrix where element Siq is a spring stiffness
constant associated with the i th bolt and let &J be a column matrix
associated with bolt elongations. Then the following relationship holds.

If we could assign a point on the circumference to each bolt then
bolt elongation could be expressedbya set of generalized displacements
AM as follows:

V = u, (3.10)

Since the bolt load is associated with an area as shown in Figure 3-2
we cannot associate the bolt displacement with only one point. We will
give an indirect definition which will implicitly contain an averaging
over this area. Let the problem be limited to m harmonics and let

a dbe an m by b matrix which relates bolt elongations &C31 to
genraizd harmonic displacements [jlas follows

(3.11)

Then virtual bolt elongations fdr v' and virtual generalized displacements
[Craij? are related by

We require the following to hold

- (3.13)

Ttat is, we require the virtual work associated with virtual elongation
to be equal to the virtual work associated with the corresponding 4

generalized variables. On substituting from (3.8) and (3.12) into (3.13)
we obtain

170



(0. [ [crI - frej [A i -4 (3.14)

Equation (3.14) can hold for all virtual displacements and all loads

[le.107 if and only if

Ci i] - (3.15)

Therefore from (3.7) and (3.15) it follows that

= £ = I
'1 je (3.16)

From (3.8), (3.9), (3.11), and (3.15) it follows that

[ [,a,. [I , , ,

(3.17)

Let

[•,] " [,3 [AMA (3.18)

Thus is a stiffness matrix which describes the stiffness of the
set of joint bolts with respect to the generalized (harmonic) variables

i and [US . Then (3.17) has the form

fir.? E-,N. [44A (3.19)

We will now define the variables associated with the axisymmetric
structures on each side of the joint. These structures will be inter-
preted as two free structures whose relative displacements are constrained

by the bolt attachments. We will assume that there is no relative radial
or circumferential motion across the joint. Since the two structures are
unconstrained except by the joint it follows that the zero and first

12
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harmonics of longitudinal relative displacements are respectively
associated with relative longitudinal translation and pitch rigid body
motions. The higher harmonics on the other hand are associated with
shell deformation.

Using RASTRAN we can compute the displacement 14,, associated with
each higher harmonic load i'm acting on the joint. We can then compute
two sets of stiffness coeffil-ents associated with each of the structures
as follows:I /

/<. I4i

S(3.20)

where the single and double primes are used to distinguish the two
structures. From the above discussion it follows that

' :( •. : o(3.21)

The joint displacements can be described by relative generalized (harmonic)
displacement parmeer 'C • described earlier. They are related to the

harmonic displacement parameters for the two structures as follows:

44i s" L4j - & . (3.22)

Then from (3.17) and (3.19) it follows that

I N

,-7" (3.23)

This is a consequence of the orthogonality of the set of cosine func-
tions. Similarly joint equilibrium and harmonic function orthogonality
requires

,(3.24)

where .I" indicates that the prime will not be required below. Substi-
tuting (3.24) into (3.23) and simplifying we obtain

13
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•le " ,. ,a:/ (3.25)

or

f•" = K' 4i L4 (3.26)

where

(3.27)

The parameters Kii describe the effective stiffness associated with
the set of harmonics for the axisymmetric structure on both sides of the
Joint. Let [x.q] be a diagonal matrix with diagonal elements ji.
Then (3.26) can be expressed in the following matrix form

R,] frI(3.28)
Note that

0 -(3.29)

Partition equation (3.19) and (3.28) as follows

{ } = [(3.30)

{ ~ = ~ Ex~J~ {4U (3.31)

From (3.30) and (3.31) we obtain

.5~ 4, ~(3.32)

14
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E.~1),",. .3jiu?~~.(3.33) i
rL E= 11j (3.3)I

From (3.33) and (3.34) we obtain

•= (3.35)

On substituting (3.35) into (3.32) we obtain

~ ~ R~~J~ - iJ] 3~J u (3.36)

Let A11 equal the quan':ity in brackets. Then (3.36) has the form

All at(3.37)

The parameter JAI is a measure of the maximum relative displacement around
the circumference. We wish to relate the joint stiffness to more cimmon
parameters H and 4 which correspond to joinc bending moment and joint
relative rotation. Now U, and 46 are related by

14, " )" •(3.38)

where r is defined in Figure 3-2. We will define the relationship
between M and f by requiring that the following hold for all virtual
displacements 4S4, and (*4.

I=

, " o.,r, (3.39)

On substituting (3.38) into (3.39) we obtain

f e46 r d" (3.40)

For the above to hold for all virtual changes it follows that

, 7• -. •(3.41) j

15 4



On substituting (3.38) into (3.37) and the resultant into (3.41) we
obtain

Al A",.,% • (3.42)

,'he equivalent Joint stiffness designated by H is related by

3.2 TEST CASE AND RESULTS

A computer program which can compute the effective joint stiffness
as described above was written. The structural configuration used in the
Phase 2 study was uscd in this study since comparative test data were
available. Figure 3-3 describes the joint and Figure 3-4 describes the

finite element model of shell elements used in all the NASTRAN analyses.

The NASTRAN computer program was used to compute Lhe longitudinal

harmonic stiffness coefficient designated by K' and K"i for the first
108 harmonics. These stiffness coefficients ar given ii• Table 3-1 and
a log-log plot of the stiffness coefficient versus harmonic number is
given in Figure 3-5.

As can be seen from Figure 3-5 the value of stiffness appears to
approach a straight line for higher values of harmonic number. A straight
line on a log-log plot implies the following continuous function
relationship

st = -/.. (3.44)

where K is the dependent stiffness variable, n is the independent
harmonic number variable, (Kl, nI) is a point on the line and k is a
coefficient related by

9k As\(K, (3.45)

where (K2, n ) is a point on the line. For the two lines in Figure 3-5
associated with the two structures connected by the joint, the data used
to compute higher harmonic stiffness coefficients are given in Table 3-2.

16
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Table 3-2

Data Used in Equation (3.44) to Compute Stiffness
Coefficients for Harmoni: s Greater than 108

iStructure I Structure 2

K 1.57 x 107 4.35 x 107

K2 3.32 x 108  9.90 x 108

n 1 10 10

n 100 100

As pointed out earlier many harmonics do not influence the
computation. Table 3-3 shows the harmonics which influence the computa-tions as a function of number of fasteners.

Each bolt has an effective arc length over which it acts. As
noted earlier this arc length is defined by the enclosed angle 6 . Let
us define the quantity R as the ratio of 6 over the angle subtended
by the bolt. The R can be interpreted as the effective number of
bolt diameters over which the bolt load distributes at the joint.

The larger the value of R the higher the joint stiffness will
be. To establish correct values of R computed values of stiffness were
compared to measured results obtained in the Phase 2 study. Table 3-4
summarizes the Phase 2 measured values of stiffness.

Table 3-4

Phase 2 Measured Values of Stiffness for Various
Numbers of Fasteners (x 108 Inch Pounds per Radian)

Number of Fasteners Stiffness

3 0.358

6 0.971

9 1.680

12 2.575 (interpolated)

18 4.440
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Table 3-5 gives computed values of joint stiffness for the three

fastener joint, for various values of R and for different values of

the highest harmonic used in the calculations. The value of R equal
to 6.24 gives results which are almost equal to the measured values.
Table 3-6 shows results for 3, 6, 9 and 18 fastener cases using R equal
to 6.24. Although the results match the experimental values for the
three fastener case, they are quite in error for the 18 fastener case.
The compliances of the 18 fastener case for various values of R are
given in Table 3-7. As can be seen a value of R close to 1.5 is
required if the 18 fastener case is to match measured results. Using a
linear interpolation between the compliance values for R equal to 1.5
and 2.0 we conclude that a value of R equal to 1.544 will give a value
very close to the measured compliance. Table 3-8 gives results for R equal
to 1.544. Since R equal to 6.24 gives correct values for the 3 fastener
case and R equal to 1.544 gives correct values for the 18 fastener case,
we used a linear interpolation to establish values of R for the 6, 9
and 12 fastener case. Computed joint stiffness for these cases are given
in Table 3-9. Figure 3-6 gives curves of stiffness versus number of
fasteners of the measured results and of the computed results for R
equal to 1.544 and 6.24.

As can be seen from the results described above there does not
appear to be a simple way of describing bolt shell interaction. For the
joint in question one shell surface overlaps the other and the bolt
load acts on the two contacting surfaces. The above results imply that
the fewer the bolts the more compliant the joint but the larger the
effective contact area between the shells becomes, The results suggest
that a more detailed analytical description of the bolt area is required.

Figure 3-7 shows the -urve of joint stiffness versus R for the
three fastener case. A dashed straight line referred to as the "reference
line" is also shown in this figure. Before continuing our discussion of
this curve note Figure 3-8 which shows curves of stiffness versus highest
harmonic used in the computation for various values of R. In essence
these curves show the way in which the cosine series converges. Note that
the cosine series converges slower for smaller values of R and that all
curves are monotonically decreasing. Now re-examine Figure 3-7. The
separation of the curve for low values of R can partly be explained by
the slow convergence, i.e., the values shown for the lower values of R
are somewhat separated from the values at the point of convergence. The
separation from the reference line associated with higher values uf R
can be explained in a different way. The assumption was made in the
derivation that the load distribution along the arc length associated with
the bolt load is uniform. This does not introduce very much error for
small R however for large R the error is significant.

18
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3.3 CONCLUSIONS

The analysis described here was motivated by the fact that compar-
able analyses performed using the NASTRAN computer program would have
been prohibitive. A joint stiffness analysis performed entirely on
NASTRAN during the Phase 2 study cost approximately $300.00 per run for a
case which used 124armonics. In the present analysis the determination
of K' and K" were made once for 109 harmonics using NASTRAN at a cost of
$2000.00 and all subsequent runs cost from $0.10 to $0.30. The relatively
high cost in generating the K's motivated use of formulas (3.44) for
generating higher K values.

One of the problems with using NASTRAN to solve the complete
problem is that one would have to use ali the harmonics up to the highest
one used. One could not exclude harmonics. Thus a run using the present
method which used up to harmonic number 400 and costing $0.30 would have
cost in excess of $5000.00 if done directly on NASTRAN. In the present
study over 100 runs were made at a modest cost.

An unexpected problem was the one associated with selecting an
appropriate bolt load distribution parameter (R). The effective load
path area for each fastener in the shear bolt joint analyzed appears
to decrease as the number of fasteners increases. It should be noted,
however, that joint compliance estimates within 10 to 20 percent will in
most cases be more than adequate for missile modal analysis purposes.
Accuracy in compliance estimates is more important for compliant joints
which have a greater influence on airframe modal characteristics than for
stiff joints which have little effect on airframe response characteristics.

A useful effort which was not attempted in this study would be to
develop a simple expression for estimating K. n1 , and e4 used in equation
(3.44). Such an expression would allow the •etermination of joint
compliance for shells of revolution.
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.• TABLE 3-3 lisruowls Flaying Non Zero Stiffness
Coofficients for the Various Fastener
Arrangement@s

Numsber Of Fastener@

3 6 9 12 18

2 40 5 79 a 11S 11 157 17 235
4 41 7 83 10 125 13 167 19 251

5 43 11 85 17 127 23 169 35 253
7 13 89 19 134 25 179 37 2698 46 17 91 26 136 35 181 53 271

10 47 19 95 28 143 37 191 55 287
11 49 23 97 35 145 47 193 71 289

13 50 25 101 37 152 49 203 73 305
14 52 29 103 44 154 59 205 89 307
16 53 31 107 46 161 61 215 91 323
17 55 35 109 53 163 71 217 107 325
19 56 37 113 55 170 73 227 109 341
20 58 41 115 62 172 83 229 125 345
22 59 43 119 64 179 85 239 127 359
23 61 47 121 71 181 95 241 143 361
25 62 49 125 73 188 97 251 145 377
26 64 53 127 80 190 107 253 161 379
28 65 55 131 82 197 109 263 163 395
29 67 59 133 89 199 119 265 179 397
31 68 61 137 91 206 121 275 181 413
32 70 65 139 98 208 131 277 197 415
34 71 67 143 100 215 133 287 199 431
35 73 71 145 107 217 143 289 215 433
37 74 73 149 109 224 145 299 217 449
38 76 77 151 116 226 155 301 233 451
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Section 4.0

JOINT COMPLIANCE EXTRACTION TECHNIQUE DEVELOPMENT

Tactical missile joint compliances often represent one of the
major uncertainties in developing an acceptable analytical model for
dynamic reqponse studies. This uncertainty tends to be reinforced if
large differences are discovered between theoretical and experimental
mode shapes and frequencies. If one assumes that errors in assumed
joint compliances are totally responsible for the theory/test mismatch,
then a me-hod of solution for effective joint compliances is suggested
through an iterative "best fit" between modal analysis and modal test
data. Since distributed mass and missile airframe stiffness parameters
are generally well defined, the assumption that all errors lie in the
effective joint compliances is not usually unr':asonable. For many years

at the Pomona Division of General Dynamics a somewhat arbitrary trial
and error "hand tuning" procedure was employed to arrive at a set of
joint compliances which would yield an acceptable fit between analysis
and test data. This procedure can become quite time consuming and
cumbersome, however, when more than two or three unknown joint compli-
ances are involved.

A joint compliance extraction technique was developed during
Phase 1 of the study of structural dynamic properties of tactical missile
joints (Reference 1). It utilized a steepest-descent method to solve for
variable unknown spring rates based upon a weighted best fit match
between experimental and theoretical mode shapes and natural frequencies.
The method was tailored specifically to beam representations of missile
structures. Unfortunately, the method as implemented had several
limitations. One of the restrictions was that the number of modes used
had to equal or exceed the number of unknown joints to obtain meaningful
results. Also, only bending cases with free-free boundary conditions
could be run, and no method of handling appendages had been devised.

Late in the Phase 1 study, a general method for estimating struc-
tural parameters from dynamic test data appeared inReference 4 which
looked promising for use in the extraction of missile airframe joint
compliances. Subsequently this method was applied in Phase 2 to simple
test cases with encouraging results. As confidence was gained in the
optimization method, the method was programmed for use with a Control
Data Corporation 6400 computer. Originally only first order gradient
terms were uses. The first order gradient method worked well with a
small (two degree of freedom) system, but was inadequate for larger sys-
tems. Next a second order gradient method in which the second order
terms were approximated by differences vas tried and techniques developed
to improve convergence of the method. The resulting computer program is
called program JOINTS.
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During the present and final phase of this study (Phase 3) a
number of program refiitemr'its and improvements have been introduced and
evaluated. These program additions include the following:

1. A time saving option is provided for generation of "Standard"
weighting factors which weights all test mode shapes and
frequencies equally. Provision still exists, of course, for
input of alternate weighting factors if preferred.

2. Program logic has been added to preclude missing or skipping
over needed theoretical modes by assuring theoretical/Lest
mode correspondence beth in number of nodes and polarity.
This prevents sizable errors which can result from mode mis-
matching and avoids numerous program restarts, thus saving turn
around time between computer runs.

3. An option is offered to use a greater numbe. of theoretical
modes than experimental modes in the calculaLion of the grad-
ients of the cost functfon. This feature aid., 3olution con-
vergence when only a few experimental modes are available.

4. An interpolation/extrapolation program called FILLIN has been
added which takes experimental modal data at any arbitrary

set of test missile stations and generates modal displacement
and slope data at missile stations consistent with the lumped
parameter modal analysis model. This operation offers a
substantial labor savings in the preparation of input data for
the joint compliance extraction program.

Section 4.1 presents the theory that program JOINTS is based upon.
Rationale in selecting iteration bite size and the considerations
involved in choosing experimental mode shape and frequency weighting
factors are discussed in Section 4.2 together with a review of some of
the results obtained with a hypothetical test case during the Phase 2
study. Section 4.3 presents a discussion and summary of the new program
features added during the present phase and Section 4.4 offers a program

application test case based on a set of actual tactical missile modal
test data. The joint compliance extraction technique user's manual,
includicg a listing of the programs, and appropriate test cases are
presented in the Appendix.

4.1 METHOD OF ANALYSIS

The joint compliance extraction technique is designed to deter-
m~ne mechanical joint compliances of an elastic missile structure by
generating the "best" least square fit between a linear lumped parameter
mathematical model and a given set of experimental modal data. A major
assumption in the method is that the joint compliances constitute the
principal unknowns in the lumped parameter system, with both distributed
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mass and stiffness being precisely defined. Weighting factors which
involve mode number, shape, and frequency acknowledge the existence
of accuracy limitations in the test data. The joint compliances yield-
ing a best fit are found by minimizing a quadratic function of the
differences between corresponding theoretical and experimental elgen-
values and eigenvectors. This function, referred to as the cost func-
tion, is expressed as follows:

2 ~ ~ )3 (4.1)

The frequencies and mode shapes are denoted by A) and X , respectively.
The weighting factor matrix is W and the index i is the mode nurmber.
If the mode shape slopes are used, they are created as additional compon-
ents of the X's. The subscripts e and t denote experimental and
theoretical values, respectively. The minimization of the cost function
constitutes a nonlinear programming problem which is the subject of this
section. Optimization problems not amenable to standard methods are more
the rule than the exception. In this case the optimization is accom-
plished by a steepest descent method especially developed for this study.
The basic concept originally appeared in Reference 4. Before proceeding
with a detailed discussion of the method, the structural mathematical
model utilized will be described.

4.1.1 System Model. The fundamental structural dynamic consider-
ations of a tactical missile are often handled with a linear lumped para-
meter mathematical model. The one used in this study is typical. More
expressly, the mathematical model simulates a beam-like body with a

series of lumped masses connected by weightless beams. Discrete shear,
comprtssive; torsional, and flexural springs may be included at any point
in the model. The model can be used to analyze bending, torsion, and
longitudinal motion. The model containg provisions for including appen-
dages attached to the main body at arbitrary angles with arbitrary
attachment springs., The appendages are modeled similarly to the main
body. The boundary value problem that results from this representation
can be expressed as an eigenvalue problem:

'.0 o ,* 2 Al (4.2)

where M and K are mass and stiffness matrices, respectively. The sub-
routine within the computer program which solves the eigenvalue problem
uses the Holzer-Myklestad method. This numerical method utilizes trans-
fer matrices from point to point on the model and finds the eigenvalues
by satisfying the boundary conditions using an iterative procedure. A
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complete description of the method is found in Reference 5. Limita-

tions of the method and economy preclude extraction of all N modes
where N is typically 50 to 200. It will be seen later that the lack
of a complete set of modes introduces approximations into the optimiza-
tion method and necessitates modifications.

4.1.2 Solution Method. The "best fit"' values of the joint com-
pliances, defined in a least square error sense, are determined by
minimizing the cost function which is accomplished with a modified
steepest descent method. Steepest descent or gradient methods as they
are also known, iteratively converge on the location of the minimum,
since an analytical solution of the condition for an extremum, A'"= 0,
is not possible. The successive estimates of the minimizing values of
the independent variables, in this case a vector the components of
which are the unknown spring rates of the structural joints k, are

A, = ) -IC) (4.3)

The superscript indicates the number of the estimate. If the quantity
0 is a constant, the algorithm is a first order method commonly referred
to as the steepest descent method. It is based on the intuitive notion
that if one proceeds in the direction of the steepest descent, which
Equation 4.3 does, in small steps one must arrive at a local minimum.
it can also be proven rigorously (Reference 6). A very efficient second

order method may be derived by applying the hewton-Raphson algorithm to
the gradier~t of the cost function which yields the successive approxi-

mation,

K e-01 ZK- elm dc X(44

The matrix of second partial derivatives must be non-singular., Theoreti-
cally, the step size, S, is a scalar. However, in this study, it was
necessary to generalize its definition. Equation 4.4 serves as the basis
for the algorithm developed. The reasons for the modifications that
were necessary will be explained as they are encountered.

th ______

The j component of the gradient of the cost function is

J1 ~ a 7 ai
-- _ = .0 twr. ). . d (4.5)

where kj is the jth anknown spring ratc. In order to calculate the
partial derivatives of the eigenvalues and eigenvectors with respect to
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the k j's, a departure was made from Reference 4. Here the modes were
normalized to unity with respect to the generalized mass M,

_XIe AX . = I,. (4.6)

Also a joint compliance p,sitioning matrix, KJ, is introduced which
locates the unknown spring rates within the full spring matrix -

'- _S (4.7)
Z:i/<

K is the matrix of ki.own spring elements. Because of the peculiarities
of the method used to solve the eigenvalue problem, the spring matrix,
K, is not directly avr..lable and so neither are the variable spring
positioning matrices, the KJ's. However, they can be derived by con-

sidering the strain energy stored in the jth spring. For simpiicity,
assume that a separate spring rate is assigned to each joint. Then the
strain energy associated with the Jth spring is:

S~(4.8)
/

where 'XJ and x are the slopes to the left and to the right of the

joint o the case of a rotational spring. The strain energy is also
Uj=/2kjx'TKJx'. Equating the two expressJons and then the coeffi-
cients of like Terms, it can be deduced that the matrix, Kj, must be the
null matrix except for a submatrix,

(4.9)

corresponding to the coordinates on either side of the joint. Thenr

according to Reference 7 the partial derivatives are

-it- (4.10a)

- 4t-. (4.10b)
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Equations (4.10a) and (4.10b) can be expanded in terms of components
of the normal coordinates by utilizing the strain energy relationship
for each joint.

(4.1a

),,

(,4.11b)

where the indices mj and ,j•.! refer to the components of the
normal coordinate3 to the left and right of the Jth joint respectively.

The partial aerivatives of the mode shapes were derived using the second
formulation of Reference 7 which requires a complete set of theoretical
modes. As pointed out previously the sum has to be truncated for
reasons of accuracy and economy. This is usually the case in dynamic
problems., Here the justification is a posteriori. The number of thero-
etical modes used in the computation of their derivative. is an option
to be selected by the user.

29 -IC (4.12)

The second partial derivative of the cost function with respect to theunknown spring rates, k an is
q d~

C) 2 =

aK~ K~) (4.13)
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The second partials of the eigenvalues and mode shapes are

a A a, )( r
It -A- X. T* K J ait (4.14a)

aX AX. , 1 (4. 14b)

During Phase 2 it was felt that direct calculation of the second

partial derivatives of the eigenvalues and elgenvectors using the above
equations were prohibitive because of computer memory size limits. It
was subsequently realized that direct calculation of the second partial

derivatives is very likely economically feasible since many of the terms
are zero. However, since only a small number of unknown wissile joints
are assumed, the method employed in program JOMINS approximates the

second partials by taking differences of the first partials. Such a
numerical process tends to be accuracy sensitive and demands careful
monitoring. Without resorting to double precision arithmetic, the step
size muat be large enough to yield a sufficient number of significant
figures . On the other hand, too large a step size may enclose a
region too large for the cost function to be represented by a quadratic.
The procedure settled upon was the following. bsing the current estimate
k(n), the gradient of the cost function is computed with Equations (4.5),
(4.11a) and (4.12). The current estimates of the unknown springs are
successively incremented one at a time in the direction dictated by the
corresponding component of the gradient:

X. -i n /-us A'j/ ell) (4.15)

The relative increment, r, is the same for all the unknown spring rates
and fixed for a particular problem. The gradient is calculated at k'(n)

and the ratios of the differences of the respective components and the
spring rate increments are computed. In order to improve the estimates
of the second partial derivarives, corresponding off-diagonal estimates
which theoretically should be equal are averaged as indicated below.
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a A e' jaO(n I= 'o~n' y" 1 _ (4.16)

~K ~ .j a L'
Kj.

The Hessian, the matrix of second partial derivatives, is then inverted.
The correction terms in Equation (4.4) are computed using a value of 1.0
for S. The sign and magnitude of each correction component are compared
to those of the increment used to estimate the second partials. If the
signs agree or if the magnitude is less than 2-1/2% of the current spring

rate, the second order correction is utilized. If not, equation (4.15)
is used. If the new spring rates, k(n + 1), result in an increase in the
cost function, the correction terms to k(n) are halved repeatedly until
a decrease in the cost function is obtained. In any case, each variable
spring rate is kept within prespecified limits. These procedures which
taken together may be considered a complicated method of selecting a
varying step size, S, evolved heuristicly. Modifications which can be
made to improve them and put them on a more rigorous basis are possible.

4.2 SPECIAL PARAMETERS

This section discubses two of the parameters important to the
proper functioning of the method of solution. Both of these parameters
are input quantities in the present version of Program JOINTS. These
parameters are the set of weighting factors and the step size - r.

4.2.1 Weighting Factors. Ideally the weighting in the cost
function should reflect both the relative accuracy of the experimental
data and the relative importance of the information to be obtained from
applications of the mathematical model. Often for missiles constructed
with thin cylindrical shells, the experimental data will diverge from
beam behavior in progressively higher modes. For many dynamic analyses
(such as dynamic loads analyses and autopilot elastic mode coupling
analyses), the contribution of the higher modes is less significant than
the lower modes. If the above conditions hold fcr any given problem,
then the weighting factors should decrease in some way with increasing
mode number.

40

/.



I
I. V

A derivation of the weighting factors is now developed. The cost
function (Equation 4.1) may be broken down into two terms (mode shape
and frequency) for each mode

,I -- A4: X' (4.17)

where

7 - )* (4.18)

dc~IT ( -x) ~ (x x..~t) (4.19)

Rewriting • as a summation yields

,=.. = (-;e --, " (4.19a)

To see the siz- of terms produced In the cost function by an error in
the eigenvalue ui eigenvector, a relative error of size 6 is assumed
in each of the measured quantities. Then the cost function terms will
be equated by proper selection of weighting factors. That is, an error
of o- will be assumed in both A*j and X , and weighting factors
will then be found whicn give equal size terms in the cost function.
If the theur tical eigenvalues and eigenvectors are assumed correct, then
an error of & in the eigenvalue can be written as

• /,--• , '•(4.20)

The frequency terms in the cost function become

I "- "F ,,

'/ [ A

= • /4"' E z Z "(4.21)

This means that an error of 6 in the eigenvalue will produce a residual
term in the cost function proportional to the product of the fourth
power of the frequency and the square of the error. Considering the same
error applied to the mode shape contribution Zo the cost function yields
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.6. X (4.22)

The above equation shows thatan error of e in the eigenvector will
nroduce a residual term in the cost function proportional to the product
of the square of the eigenvector and the square of the error. 3ince the
mode shapes are normalized to a unity generalized mass, then

=*! 2 X;a (4.23)

If assumptions are made that the test specimen is a slender beam with
uniform mass and station distributions, then the above equation may be
rewritten as

X X" (4. 23a)

and the mode shape portion of the cost function becomes inversely propor-
tional to the mass / a /

= -X ' - (4.24)

mass of b-'n-
where rj = Number of stations

rC is independent of frequency, and is dependent upon the mass, number
of beam stations, and the square of the error.

To equate the size of the frequency terms in the cost function

with each other, the following weighting factors were selected

t 4,a (4.25)

-le

where

- highest experimental mode frequency

Equating the mode shape and frequency terms of the cost function yields
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- (4.26)

where ,i = mass of the missile (Lb-Sec2 /n)

A/ = number of internal stations

The above weighting factors then approximately weight the mode shape and
frequency errors equally. These factors have been built into Program
JOINTS along with a set of adjustable weighting factor coefficients.
If unequal weights are desired, weighting factor coefficients are input
to the program and these coefficients are multiplied by the above fac-
tors to obtain the new weighting factors used by the program. That is

= W~C. 4 !(4.27)

Wex = - ( e) (4.28)

where WocCir and kWF=CIN are input separately for each mode.

Some consideration was given to including provisions for weight-
ing some mode components more than others, but this was concluded to be
an impractical and unwarranted complexity in the operation of the program.

4.2.2 "Bite" Size Selection. The bite size being discussed in
this section is r in equation (4.15), the increment each spring ts
altered during the intermediate calculation in the computation of the
second order partials. The choice of the spring increment size, r, can
cause a problem unless care is taken in its selection. The step size
must be large enough to prevent incurring numerical accuracy problems,
yet small enough to give an adequate estimate of the second order grad-
ients of the cost function.

The present tolerance ratio on the frequency solution in the modal
analysis routine in Program JOINTS is 1 x 10-5. That is, the theoretical
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frequency solutions will be no worse than .001 percent. In selecting
a value of r to be used in Program JOINTS, a change in each individual
spring equal to r times the spring rate s'.ot'1d produce frequency
-hanges greater than .01 percent in the theoretical modes. This change
in frequency is dependent upon the joint locations and magnitude of com-
pliances. Reference I (Phase I Report) provides an extensive discussion
of these parameters. Another constraint on the step size to be considered
is that if the originally assumed joint compliances are 'far from conver-
gence' a first order gradient method is used rather than the second order
gradient method. If the first order method is used, r is the amount the
conmpliance is altered each iteration. If r is small, the solution time
may be very large. The phrase 'far from convergence' is defined as a
region which is determined by the directions indicated for changes in
individual spring rates from the first order and the second order gradient
methods. If the two methods indicate opposite directio.ns should be taken
for the change in spring rate, the first order method Is used. As the
cost function minimum is approached, the first and second order terms
agree in sign for the change in spring rate so the magnitude determined
from the second order method is used. This choice of either he first or
second order method is made independently for each spring.

To illustrate the effect of the step size r, consider the non-
uniform bending beam model shown in Figure 4-1. It consists of five beam
sections connected by four flexural joints, each of "moderate" to "good"

stiffness for the assumed test airframe. The Holzer Myklestad method
(identical to what is used in Program JOINTS) was used to generate the
required modal data for this test case. Since the modal data are "exact"
for the lumped parameter model, a precise means for judging the accuracy
of the JOINTS program solution is provided. Selected flexural joints
were then assumed to be unknown,and arbitrary (incorrect) initial values
selected.

Figure 4-2 shows the results obtained with Prz;gram JOINTS by using
two modes to scilve for three joint compliances. For this case, the com-
pliance of the first of the four joints was assumed to be known correctly
and the conipliance of the last three were assumed high by a factor of two.
The valta of the intermediate step size, r, used in this case was 25%.
Figuie 4-2 shows the result of eighteen iterations. The convergence is
seen to be quite slow. Other values of r have been considered with
interesting results. Figure 4-3 shows the same example as Figure 4-2,
except the value of r was changed from 25% to 1%. Here convergence to
the three correct joint flexural compliances is achieved in four iteration
cycles or about four times as fast. This points out the importance of the
intermediate step size, r, used in approAimating the second partial deriva-
tives. In both of these examples, three unknown spring rates were solved
using only two modes.

Figure 4-4 illustrate3 further the importance of the intermediate
step size, r, in the convergence of the method. Values of r considered
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in Figure 4-4 range from 25% to 1%. Very little difference is seen

between 1% and 5%, suggesting that both approximate the second order
gradients well. For this case, it can be seen that 25%, 20%, and 15%
were all too large a value for r. All three values of r will produce
the correct joint compliances but the run time is much longer for the
larger values of r. The value of r for best convergence will not be
the same for all cases. In fact, for some problems it might be more
efficient to make two computer runs using two different values of r. in
the beginning, use of a larger value of r may be required if the pro-
gram employs the first order gradient method. However, the solution may
be speeded up by using a smaller value of r as the cost function mini-
mum is approached and the program uses the second order gradient method.

4.3 PROGRAM FEATURES ADDED

This section discusses some of the techniques developed during
the Phase 3 study to increase the efficiency of Program JOINTS and to
decrease the work required by the user. Covered in this discussion are
the program generation of weighting factors, logic in JOINTS to correct
for modes being missed by the eigenvalue extraction subroutine, and the
benefits of using the input parameter 'CLOSE'. In addition, this sec-
tion introduces the computerprogram (Program FILLIN) written as an aid
for the user of Program JOINTS. Program FILLIN accepts measured modal
data in a general format and interpolates between those data points to
obtain a new set of data in the format appropriate for use in Program
JOINTS. The changes to the input data are necessitated bejcause Program
JOINTS compares the experimental and theoretical modal data at identical
mis'sile stations.

4.3.1 Weighting Factor Generation. In the original program format,
the weighting factors required to use Program JOINTS had to be calculated
by the user. As an added convenience, it was decided to accomplish the
major portion of the weighting factor computation within the program.
Equations 4.25 and 4.26 of section 4.2.1 present the equations of the

weighting factors now used in the program. The uption is retained to
input weighting factor coefficients desired by the user, but these weight-
ing factor coefficients ( WO='C•4 and /i'Ci in equations 4.27 and 4.28)
modify the factors computed by the program and do not replace them. If
no values are input for Wo.4,'+- and LC these coefficients are
each assumed equal to 1.0. If the user, for example, wishes to weight the
first mode shape and frequency a factor of two more than the other modes,
he simply inputs the value 2.0 for 6'•=Cs• and W-'•=•x and 1.0 for all
other modes.

4.3.2 'Missing' Mode Logic. Another option built into Program
JOINTS during Phase 3 is a check to guard against missing modes in the
eigenvalue extraction routine. This is accomplished by checking the com-
puted modes against the experimental modes. For bending cases, the number
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of slope sign changes in each theoretical mode shape is compcred with
each measured mode. Like modes are matched and if any modes are missing
the program will go back and compute the missing modes. Because of the
way the Myklestad subroutine treates redundant appendages, this check
should not be used with a model that has redundant a.pendages.

4.3.3 Number of Tieoretical Modes. Another improvement intro-
duced to Program JOINTS is to allow the calculation and inclusion of
more theoretical modes than experimental modes in the partial derivatives
of the mode shape given in equation (4.11b) The partial derivative of
the eigenvector for the ith mode is expressed as the sum of contributions
from all modes except the ith mode. This sum is truncated at however many
modes are available for the calculation. If only one mode is available,
then the partial Is approximated by zero. If two modes are available,
then the partial is approximated by contributions from one mode. For a
distributed system, the partial derivative would be computed from an
infinite sum. The larger the number of modes, the closer the sum should
approximate tne partial derivatives. Using more modes in approximating
the partial derivatives can be expected to produce more accurate values,
aid in the problem solution, and accelerate the rate of convergence. The
amount of computer time used per iteration cycle, however. is directly
proportional to the number of theoretical modes used in the solution.
Because of this cost consideration, the user would be advised to use an

equal number ol tbeoretical modes in the solution when three or more meas-
ured modes are available.

4.3.4 input Parameter 'CLOSE' The input parameter 'CLOSE',
Table A-3,used in P:*ogram JOINTS is another parameter designed to save
computer time. If a value is not input for 'CLOSE' into Program JOINTS,
a continuous search is made for the required number of modes between
specified frequency limits. Computer time may be saved by eliminating as
much of the searching as possible. A way of eliminating the unnecessary
searching is to start below but very near the answer. Ijie reason for
starting just below the answer is that the frequency search Is done in an
increasing order. For a model which matches the experimental data fairly
closely, the search starting frequency for each mode may be selected close
to the experimental frequencies. If a value of 'CLOSE' is input, the
search for the ith mode starts at the frequency equal to 'CLOSE' times
the experimental frequency for the ith mode.

Starting the search for the modes near the required solution has
saved considerable computer time in several of the test cases. Using the
tactical missile application of Section 4.4 as an example, a value of
'CLOSE' equal to 0.9 cost approximately 30% less than an identical run
where a continuous search was ,,cai. However, care must be taken that
'CLOSE' times the experimental frequency for the it" mode will not be
less than the theoretical frequency for the (ith)th mode, in which case
the (i-l)th mode will be repeated for the ith mode.
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4.3.5 Test Data Preparation. One of the goals of the Phase 3
study was to simplify the tasks of the person using Program JOINTS.
During the Pnase 2 study, it became obvious that for Program JOINTS to
be easily useable, a scheme was needed to reduce the amount of work
required to get the experimental data in the format necessary for the
program. As the cost function is formulatee, the mode shape deflection
and slope at every internal station are compared with a measured mode
shape deflection and slope at that station. However, seldom are the
measurements made at the station locations required by the mathematical
model. In addition, the quantities most usut!ly measured during test
are the modal deflections and not the slopes. One way of handling this
problem is to plot the measured deflection data. From these plots, a
new set of modal deflections and slopes are read at the desired stations
and key punched on cards. As an example of the size of this problem,
the tactical missile test case discussed in Section 4.4 has a total of
78 stations. The number of data points read per mode is 156, and three
modes were used for that case. It was for this reason that Program
FILLIN was written.

Program FILLIN accepts modal data measured at a set of missile
stations and the mathematical model data to be used in Program JOINTS.
The program then interpolates using several simple curve fitting tech-
niques. The program is primarily designed for bending mode cases. The
method of interpolation to be used at a particular station is determined
by the station type and the telatiý,e locations of stations at which
experimental values are available fhe types of stations considered
include those not at a joint, those immediately to the right or left of
joints, and those at the ends of the main beam or an appendage. The first
class of stations includes the majority of stations. For these stations
interpolation was accomplished with a sliding parabolic least square
curve fit to four experimental values. That is the two nearest experi-
mental values on either side of the station are used for the least square
fit. If two experimental values are not available on both sides of the
station, linear interpolation or if necessary extrapolation is resorted
to. This also applies to stations at ends of appendages and to modal
slopes at stations immediately to the right or left of rotational spring
joints and to modal displacements at stations immediately to the right or
left of shear spring joints. Modal slopes at a shear joint are the aver-
age of the two straight line slopes on each side of the joint.

One of the limitations of Program FILLIN is that appendages with
1800 attachment angles will have slope values with the sign opposite to
the Myklestad subroutine, This occurs because the Myklestad routine
uses a different coordinate systems on appendages than it does on the main
beam while FILLIN uses only one coordinate system. Another limitation of
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FILLIN is that inaccuracies can occur at stations near joints and in
slopes at roots of appendages. However, one of the advantages of the
least square curve fit is that the method will smooth the experimental
data.

4.4 TACTICAL MISSILE TEST CASE

To show the utility of Programs FILLIN and JOINTS, a set of meas-
ured bending modal data for an actual tactical missile were selected as
a test case. The set of modal data had previously been matched with a
mathematical modal by a trial and error method. This method took approxi-
mately sixty computer runs. Previous test cases based on hypothetical
models had shown that the method arrives at the correct joint compliances
rapidly when an exact math model is used with no errors in the input data.
The results obtained with this test case illustrate how well the program
works when matching a lumped parameter model to actual measured data with
its inherent experimental errors.

Figures 4-5, 4-6, and 4-7 present the three e•.perimental modes
and the curve fit values obtained from Program FILLIN for the tactical
missile. Ther.i are slight discrepancies between the measured data points
and the curve 7it values, especially near the front end of the missile
where few data ipoints exist. The forward end of the missile is a radome
shell and quite stiff for the weight it supports. It therefore bends
very little in the lower bending moles. When the program tits the data
points with a quadratic equation, *>,,e match is not perfect. Nevertheless
the interpolated modal displacements and slopes are believed to be reason-
ablv representations of the measured modes. Since the method tends to
smooth the data, a test case with larger experimental errors in the meas-
ured modes would look more impressive.

The output displacements and slopes from Program FILLIN are
punched on cards in the format for Program JOINTS. However, the punched
output must be checked and corrected as 180 degree appendages will have
the sign of the slopes out of phase with the Myklestad program. This is
due to a different sign convention in the Myklestad subroutine for 180
degree appendages.

The data output from Program FILLIN was then used as the input
modal data for Program JOINTS. The set of weighting factors selected for
this application were chosen to equate all three modes (both frequencies
and mode shapes) equally. The first three joint compliances (which
represented airframe joints) were started approximately 300% higher than
the hand tuned values. The fourth joint compliance represented the
attachment compliance for an internal appendage. The originally assumed
value of the fourth compliance was started high b7 30% over the hand
tuned value.
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Figure 4-8 shows the rate of convergence obtained by Program
JOINTS for the tactical missile application. The program was run for a
total of eight iteration cycles. However, the cost function did not
improve significantly after the th 4 rd cycle. The final (iteration
cycle eight) joint compliances obtained agree quite well with the hand
tuned values. Figures 4-9, 4-10, and 4-11 present a comparison of the
expe-imental and theoretical modes. It is apparent from the figures
that a good match has been obtained between the two sets of data.

Next, a new set of weighting factors was chosen to see what effect
diffelent weighting factors had on the solution. It should also be
nozed that the test data was represented well by the beam model in the
above solution. The set of frequency weighting factor coefficients
selected were 100, 10, and 1 for the first, second, and third modes
respectively. The corresponding mode shape weighting factor coefficients
were 1, 0.1, and 0.01. Figure 4-12 shows the solution (No. 2) obtained
for this condition. Comparison of Figures 4-8 and 4-12 shows that both
sets of compliances obtained are close to the hand tuned values. The
following is a comparison of the experimental frequencies and the fre-
quencies obtained for the two sets of weighting factors.

Mode Experimental Theoretical Frequency (Hz)
No. Frequency

(Hz) Solution Solution
No. I No. 2

1 59.3 59.5 59.3

2 116. 114.4 116.0

3 153. 154.2 153.6

As shown above, the case where the frequencies are weighted more heavily
than the mode shapes (solution number 2) does in fact exhibit a better
match between the experimental and theoretical frequencies,

4.5 STATUS OF THE EXTRACTION TECHNIQUE

The joint compliance extraction technique in its present format
is believed to offer a useful, convenient, and reliable method for esti- I
mating effective compliances of missile joints from modal test data.
The method presumes that the missile airframe distributed stiffness and
mass properties are kncwn, the modal characteristics can be adequately
modeled as a lumped parameter beam, and that all discrepancies between
modal analysis and modal test data can be attributed to uncertainties in
the joint compliance values. As in any analytical method, additional
refinements and areas for •.mprovement will become evident as applications

are further explored with actual test data.
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LIST OF SYMBOLS FOR SECTION 4.0

Cost Function of Error Terms

Al, = Number of Experimental Modes

= Sutmmation on Index i

= Mode Frequency

X = Mode Shape

k/ = Weighting Factor

( )r = Transpose of ("

Al = Stiffness Matrix

Af = Mass Matrix

MA = Number of Internal Stations in Model

k = Unknown Spring Components

n = Iteration Number

tQ = Step Size

V A-" = LL. Gradient of F

,V = Ztep Size

[ ]°J = Inversd of [ ]

= Kronecker Delta 1 = J
o i#j

= Matrix of Known Spring Elements

Alz - Number of Joints

0 = Strain Energy

OX X:= Slope to the Left and Right of Joint j

K = Intermediate Spring Rate Used in Computing the Second
Order Derivatives of F
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LIST OF SYMBOLS FOR SECTION 4.0 (Cont'd.)

= Intermediate Step Size Used to Obtain K'

•W•T/l( )= The Sign of ( )

S= Relative Error Size

=�) = iEgenvalue

"= Mass of Missile

w/i = Weighting Factor Coefficients

SUBSCRIPTS

e = Experimental

t = Theoretical

= Mode Shape

-F = Frequency

', J -e,at = Indices or Counters
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Section 5.0

MISSILE JOINT SELF INDUCED VIBRATI-Z

Tactical missile airframe joints can become significant sources

of mechanical shock and vibration under transient loading ccnditions
which exceed mating surface interface preloads. If mating surface

separation and impact occurs, shock transients generated at H- inter-
face will propagate from the airframe joints throughout the xle
structure. Under oscillatory loading conditions, the repeti shock
transients - modified by strain wave reflections - often assume the
appearance of broadband vibration when monitored at missil components.

One obvious potential problem area with noisy joints can occur
in laboratory sinusoidal vibration testing where the test conditions
are specified in terms of displacemer:, or acceleration input at the test

fixture/specimen interface. Since only the fundamental input levels at

the excitation frequency are usuall;- controlled, a significant overtest
can result from uncontrolled broadband vibration induced by mechanical
joint interface impact.

The vibration environment source characteristic can also be of
concern in the case of air launched missiles which are cften erposed to
many captive flight hours. Excitation of comparat.vely low frequency
aircraft and missile modes by aerodynamic turbuiencý and/or buffet may
result in the secondary generation of high frequency vibration due to
mechanical interface impact within missile airframe joints and in some
instances at aircraft interface contact points such as sway brace pads
and lugs.

Recent tactical missile flight vibration measurements, furthermore,
provide suspicious evidence that for some current missile designs the
joints may be a prime contributor to missile flight vibration and shock
environments. If this premise is valld, then improvements in missile
joint design may yield significant reductions in environmental exposure
and support cost saving relaxations in environmental specifications.

This section presents the results of an exploratory investigation
of the mechanism of joint self induced vibration and an initial evalua-
tion of possible methods for control and suppression. The scope of the

investigation has included tests of both full scale actual missile joints
and an idealized subscale joint model. A design concept for a joint
interface treatment to suppress self induced vibration involving flame
deposited teflon was developed in missile section level testing with
sufficient promise to warrant missile round level flight test evaluation.
Test results from both laboratory section level (encouraging) and flight
missile level (inconclusive) are reviewed and discussed. Due to the

inconclusive results obtained in the missile level testing, a sub-scale
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idealized joint model was designed with the objective of isolating and
controlling some of the more elusive full scale test parameters. Tie
model test results, while exhibiting some scatter, co show consistent
trends and a significant improvement in joint preload, damping, and mech-
anical noise reduction when a teflon coating is present At the model
joint interfaces.

More work clearly remains to be done in this area. The investi-
gation thus far has shown that joint interface impact can be a powerful
source of broadband vibration and that interface coatings can effect a
substantial improvement in joints exhibiting these characteristics.

5,1 FULL SCALE LAB TESTS

The full scale joint designs selected for consideration in this
study include a discontinuous land ring joint shown in Figure 5-1 and a
continuous split ring joint shown in Figure 5-2. Both of these joints
are highly compliant (rated about "moderate' under the classification
basis discussed in Section 2.0) with comparatively low interface contact
preload (estimated to be approximately 12 pounds/inch) under design
assembly torques. The low preload is best illustrated by the fact that
in one tactical missile application, with the discontinuous land ring joint,
the assembly preload is well exceeded in a one g environment; I.e. the
static moment produced by the missile structure forward of the joint is
nearly twice the preload induced moment.

Ring joints of this type have consistently demonstrated a capacity
for generating joint interface impact vibration in section level vibra-
tion testing. In one instance oZ sinusoidal vibration testing of a
missile guidance section, a 3g sweep was observed to produce 20g broad-
band when the fundamental passed through a joint impact resonance.

Tne initial hypothesis in searching for a fix for this behavior
was that compliant material placed on the contacting surfaces of the
joint would inhibit metal to metal impact and thus materially reduce the
resulting vibration. It was further conjectured that any adverse effect
of this compliant material on joint stiffness could be offset by a
general improvement in load distribution resulting from filling voids and
irregularities in the mating surfaces., Each of the ring joint designs
has 3 ccntacting surfaces - two associated with the ring nut and subjec:
to abrasion as the surfaces slide in contact during assembly, and one
where the missile shroud sections butt together. With practical manu-
facturing tolerances, a perfect fit on the mating surfaces is virtually,
never achieved. The uncertain and variable load paths due to this fea'-
ure are viewed as a major contributing factor to both high compliance
and noise generation characteristics. Another obviously important
parameter is the joint preload, with any increase achieved either through
higher assembly torques or reduced friction in the sliding surfaces
(threads) being beneficial.
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A variety of candidate joint interface materials including epoxy,
RTV, plastics, elastomers, and soft metals such as lead and aluminum
were selected for evaluation. These materials, in general, were only
introduced on the non-sliding surfaces of the joint. Epoxy and RTV were
applied also to the sliding surfaces with the expectation that most of
the coating would be wiped off points of contact but that some of the
voids in the mating surfaces might be filled. The test set-up used to
determine the effect on joint self induced vibration, shown in Figure
5-3, consisted of a missile nose section cantilevered front a discontin-
uous ring joint attached through a test fixture to an oil slide table.
The basic test specimen when driven at resonance would exhibit an abrupt
increase in broadband vibration when the joint preload was exceeded with
the ratio of broadband to fundamental response at the joint exceeding a
factor of 8 for one test point. The test was then repeated with each of
the joint interface materials using a constant assembly torque and
recording broadband (20 5000 Hz) response at the joint for several refer-
ence fundamental response levels. Table 5-1 presents the results
obtained with the different interface coatings for two dynamic bending
moment levels at the ring joint interface. These data should be consider-
ed qualitative at best with the test results generally showing poor
repeatability with large variations for small changes -n test conditions.
The exception to this was the Teflon configuration which showed not only
the best performance from the standpoint of minimum impact noise but also
good repeatability and consistency in subsequent re-tests.

It should be ncted that the teflon configuration represented the

first effort to coat the sliding surfaces of the joint. Flame deposited
teflon has sufficient bond strength on the coupling ring and low fric-
tion on the sliding surfaces to remain intact and not be wiped off the
contacting surfaces during joint assembly. The low friction on the slid-
ing surfaces in fact undoubtedly accounts for a major portion of the
substantial improvement shown for this configuration by producing a large
increase in joint interface preload for the same torque. The teflon
coating was applied only to the coupling ring, rather than all joint
contacting surfaces, not by choice but by expedience since the coating

process was performed out of plant. One other potentially important
characteristic of the teflon was observed to be an apparent significant
increase in effective structural damping for the test specimen, with
larger shaker output required for the same bending moment response.
Based on these admittedly limited but encouraging results, the use of
teflon on ring joint interfaces was concluded to have shown sufficient
promise to warrant missile level evaluation.

5.2 MISSILE LEVEL QUALIFICATION AND FLIGHT TEST

A continuing series of test firings for aa advanced version of a
surface launched missile planned for the Spring of 1973 offered an
opportunity for missile level flight evaluation of tne effect of teflon
coated joints on missile flight vibration. Environmental data obtained
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on earlier flights of essentially the same missile airframe with unmodi-
fied joints provided a direct basis for comparison. The missile config-
uration in question employs six primary joints. Three of which are ring

joints, two being of the discontinuous land type and one of the contin-
uous split ring type. The remaining three joints are of the tension
bolt type, considered to be very stiff and sufficiently preloaded ur.der
assembly torques to preclude any separation under flight loads. The
missile profile and joint locations are shown in Figure 5-4.

A decision was made to treat only the ring joints and further-
more to confine the teflon coating to the coupling rings, recognizing
that one of the interfaces for each joint, as was the case in the lab
test configuration, would not be teflon coated. Prior to desi l n release
and acceptance for flight of this missile joint modification, several
possible issues needed to be resolved in securing a design requalification.
This effort included:

1. Proof load tests of the modified joints to demonstrate that
the teflon coating had not compromised structural integrity.

2. Creep tests to provide assurance that missile assembly pre-

loads (albeit low in the case of the ring joints) wouid not
be seriously degraded.

3. Further lab evaluation to confirm the expected noise suppress-
ion characteristics of the teflon.

One facet of this phase of the investigattun was a concerted
attempt to devise a means for measuring the Ir.,erface preload - both for
the basic and teflon coated joints. This effort, unfortunately, was
la;ýgtly unsuccessful, precluding definition of this important parameter
whi.ch would have been particularly useful in interpreting dynamic response
and creep characteristics, 1ruof loads were successfully applied to the

joints in question without incident, and the creep issue was qualitatively
resolved by retorqueing control joints after suitable aging and noting
that no relative motion of the joint coupling ring occurred.

Joint impact noise suppression tests were carried out using essen-
tially the same test set-up shown in Figure 5-3. In this case, however,
three different test fixtures were required to represent the three
different joint locations on the missile airframe. The test results for
the three joints are plotted in Figure 5-5 in terms of noise suppression
achieved by the teflon coating versus the basic joint noise factor, with
these parameters defined as follows:
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= In-plane fundamental response at the joint

•aa = in-plane broadband response at the joint (20-5000 Hz)

= in-plane noise at the jointis Join

= joint noise factor

joint noise suppression factor -a ratio of
teflon coated joint noise factor to basic joint
noise factor.

The test results obtained in this series showed considerably less
improvement in joint noise chiazracteristics with teflon coated coupling
rings than had been observed in the earlier testing. Previous lab data
for Joint I are shown for comparison. Joint 3 at low response levels was
"quieter" in the basic configuration thcn with teflon for the one speci-
men tested, although tile performance of The teflon configuration improved
rapidly as the excitation level was increased. Data points connected by
straight lines in Figure 5-5 reflect the two different response levels for
the same joint. These data would appear to indicate that "quiet" joints
do not admit much improvement while considerable benefit from the teflon
coating might be expected with "noisy" joints.

Since the teflon coated rings had satisfactorily passed all design
qualification requirements, the configuration was released for flight
test evaluation. A total of four instrumented test flights were made with
complete data acquisition. Frum the standpoint of showing an improvement
attributable to the teflon coated coupling rings, however, the flights
were uniformly disappointing being virtually indistinguishable from the
earlier flight series with the basic unmodified joints.

Possible interpretations of this test outcome include:

1. The importance of coating all three joint interface surfaces
rather than just two may have been underestimated. Lab
testing could have been misleading in this respect if excita-
tion levels relative to joint preloads were not representative

of the flight conditions.

2. Joint impact may not be a significant contributor to the flight
vibration environment for this missile configuration. In this
case, improvements in the joint response characteristics would
not have been noticed.

In hopes of answering some of the questions associated with joint
self induced vibration, an idealized ring joint model which would admit
more precise measurements of the critical parameters was designed and
tested.
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5.3 JOINT IMPACT MODEL DESIGN AND TEST

The ideal test specimen for joint impact modeling was visualized
(as in previous joint investigations) as a simple uniform structure
with a single ring joint replica at the mid-span. Free-free boundary
conditions would be used to avoid uncertainties in support constraints.
As a result, the primary joint characteristics of interest (compliance,
damping, impact noise generation) would dominate and be deducible from
the test specimen dynamic response. The model joint replica design,

while permitting considerable simplification, was required to simulate
all of the important properties of a typir"I full scale missile ring
joint including compliance, low interface preload, and similar assembly
and interface contact characteristics, Additionally, the joint

replica design approach must provide accurate and reliable means for
measuring joint interface preload versus applied torque during assembly
and as a function of time during creep investigations.

The joint replica designed to satisfy these requirements is
illustrated in Figure 5-6. Joint preload is accomplished through a
single strain gaged bolt on the center line of the aluminum test speci-
men, with this preload reacted circumferentially through a separace
joint ring representing multiple joint interface contact surfaces.
Interchangeable stainless steel "Joint rings"' provide a convenient means
for investigating the effects of various joint interface materials.
The model joint compliance is assumed to be provided primarily by the
extensional elasticity of the center axis bolt estimated as follows:

C19 -.0(5.1)

where. - = effective spring length, 3".

V = effective radius, 1.265 inches.

6 2
C = modulus of elasticicy, 30 (10) #/in.

2
- cross sectional area of spring elements, in

I
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The center axis bolt is locked to one half of the model with a
locking nut and the model assembled by applying preselected torques to
the other half of the test specimen. The threads on the center axis
bolt are lubricated to insure that the primary frictional torques in the
joint assembly are associated with the contacting surfaces on the inter-
face ring. The full scale ring Joints described in Section 5.2 have
estimated compliances ranging from 0,75(lO)-8 to 2.7(10)-8 rad/in # and
fall in the moderate to good joint compliance classification scale. A
corresponding range for the model joint compliance was provided by
making three center axis couplers with diameters from 1/8 to 3/8 inches.
A direct comparison between model and full scale joint compliance is
obtained by multiplying the full scale values by the cube of the full

scale to model diameter ratio as follows:-

CONFIGURATION C9(10)6 Rad/In #

Fuil S.ale XCD,•/,)' .88 - 3.2

Model .57 - 5.1

Where: Dv = Full scale MissiLe Diameter, 13.5 inches

DM = Model Diameter, 2.75 inches

5.3.1 Model Joint Preload. The relationship between joint pre-
load - measured by strain gages on the center axis tension bolt - and
applied torque was investigated for three joint interface coatings in
addition to the basic clean ory joint. The results of these measurements
are shown in Figure 5-7. The teflon coating. approximately 3 m.ils thick,
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was flame deposited by an application process identical to that used on
the full scale rings discussed in Section 5.2. The Molybdenum
Disulfide (MDS) Dry Film was applied using an aerosol spray; and the
Silicon Grease, DC-4, was directly wiped on the joint interface surfaces.
A thorough cleanirg of the joint interfaces with solvent was performed
between each test of a different coating material.

Both of the lubricants, MDS and DC-4, resulted, as might be
expected, in a fairly significant increase in joint rpeload, ranging
from 60 to 100 percent. The teflon coating, however, produced the
largest increase in joint preload with a consistent and repeatable gain
of greater than 5 over the basic unlubricated joint.

Teflon has a well recognized tendency to cold flow under load.
To assess the implications of this behavior on the preload of a Joint
with teflon on the interface surfaces, a preload of 600 pounds was
applied to the model joint and found to have been maintained with
virtually no change after 64 hours. The estimated loading on the teflon
for this condition was 318 psi, assuming uniform distribution over the
Joint interface.

5.3.2 Model Vibration Test Setup and Results. A sketch of the
test setup used to evaluate the dynamic response characteristics of the
ring joint model is shown in Figure 5-8. A free-free suspension was
employed with the model oriented vertically to avoid any gravity moment
bias on the joint. Force excitation was provided by an MB Electrodynamic
Shaker, rated at 50 pounds peak force capability, monitored by a force
gage at the tnput station on the test specimen. Triaxial respon3e
(acceleration) was monitored at the top end of the specimen to establish
a total response reference, and bot'- frrce and in-plane acceleration at
the input station were monitored to provide a bdsis for estimating
system damping. Although vibration induced by joint interface impact is
propagated in all responce coordinates, the longitudinal response (fl)
wvs concluded to provide the primary and most sensitive measure of joint
impact induced response. The impact forcing function is assumed to be
impulsive in nature with primary excitation at twice the transverse
mode frequency with the response distributed over a broad frequency
spectrum. Total impact induced noise was interpreted as the rms vibra-
tion over a 20-5000 & hz bandwidth measured in thelongitudL,.al coordi-
nate (1) at the response station on the test specimen. This broadband
vibration level was then normalized by the vector sum of the inplane and
crossplane transverse response at the excitation frequency to establish
a noise ratio for the particular test condition.

Table 5-2 presents response data for the basic configuration
with uncoated metalic surfaces at the joint interface. Test parameters
include variations in both joint preload and excitation level. Estimates
of system damping shown are based on calculated generalized mass and
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generalized force in the model response. The general trend is for fre-
quency to !nicrease with response level. Corresponding data for the
test specimen with teflon at t.he joint interface is pr'ýsented in
Table 5-3. Considerable scatter in the response parat.aters is shown for
bot1b configurations at tne lower preload and excitation levels, reflect-
ing the nonlinearities and cross coupling in the test specimen response.
The two higher values for joint preload used with the teflon configura-
tion (200 and 400 pounds) are in~tended to represent a conservative
estimate of the preload increase which would be realized over the basic
configuration (50 to 100 pounds) for the same assembly torque. Particu-
larly noteworthy is the fact that the teflon configuration at the higher
preload levels exhibits pronounced decreases in impact noise ratio
accompanied by significant increases in resonant frequency. The predicted
relationship between test specimen 1st mode frequency and effective jointI
compliance is shown in Figure 5-9. Upper bound frequency test points

are shown for the basic configuration assembled with 50 to 100 pounds for
comparison with the teflon configuration assembled first with equal
preload (50 tu 100 pounds) and then with "~equal" torque (200 to 400
pounds preload). Table 5-4 presents a comparison of the basic and
teflon configuration respociise based on an arithmetic average of all test
data with the following conclusions:,

1. For comparable preloads, the teflon coating on the model
joint interface reduced joint impact vibration by an average
factor of greater than 2 while increasing mode damping by an

average factor of greater than 2.

2. For comparable assembly torques, the teflon configuration
reduced joint impact vibration by an average factor of
nearly ten while maintaining and slightly increasing the
improved damping attributed to the teflo". Additionally,
the effective .iaint stiffness was found to be nearly a
factor of 3 greater than the basic joint for the same torque,
presumably because of the significantly higher joint preload
realized with teflon.

5.4 FULL SCALE IMPLICATIONS OF MODEL TEST RESULTSr.1. Joint interface impact can be a significant source of self-

2, The vibration generation mechanism requires physical separa-
tion at the joint interface for impact to occur.

3, Corrective measures would appear to include increasing pre-
load to avoid interface saptration and/or cziating the impacting
surfaces with a compliant material to attenuate the response.

4. Teflon as a candidate material for joint interface treatment
has been s!hown in idealized model tests to produce a
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substantial improvement in joint preload, reduction in
self-induced vibration, and increase in joint contribution
to structural damping.

5. Conflicting and mixed results obtained with partial teflon
treatment of full scale noise susceptible joints are suspected
to have been caused by neglecting to coat all of the primary
joint interface surfaces.

6. The results to date in exploring joint interface coatings
have shown some encouraging trends. Many questions remain
unanswered, however, and more work is clearly needed before
practical applications can be considered in actual missile
structure.
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Table 5-1

Measured Noise Ratios for Discontinuous Land
Joint with Different Surface Treatments

Constant Assembly Torque 4500 in #

Config. Application Response Noise
Level (1) Ratio (2)

Basic Dry Film Lube (MDS) on 1 3.37
All Surfaces 2 8.30

Epoxy All Surfaces (with parting 1 1.36
agent) to Fill Voids 2 5.45

RTV All Surfaces 1 1.19
2 2.62

Lead Foil Tape on Non-Sliding 1 1.35
Sirfaces Only 2 2.52

Aluminum Foil Tape on Non-Sliding 1 1.70
Surfaces Only 2 1.98

Silicone Thin Sheet Non-Sliding 1 2.10
Surfaces Only 2 2.01

Teflon Flame Deposited on 1 1.12
Coupling Ring Only 2 1.14

(1) Response Dynamic Bending Moment
Level Induced at Joint

1 3000 in #
2 5000 in #

(2) Noise ratio defined as ratio of broadband
response to fundamental response (Sae/S-)
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Table 5-2
Basic Joint Model Dynamic Response

Preload I Freq fi g Cross Noise Damping
I hz g' Plane jRatio iV

50 101 9.9 110 .19 .0078
50 106 16.' 117 .66 .0077
50 103 22.2 119 72 .0049

75 107 7.4 93 .11 .022
75 108 18.6 124 .78 .0095
75 108 24.7 116 .63 .0079

100 110 9.9 108 1.42 .046
100 113 11.5 86 .45 .017
100 109 2%.3 109 .84 .0098

x
Where:

= inplane response at 4

= crossplane response at f

= vector sum

= broadband (20-5000 hz)
response

Noise Ratio = / r
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Table 5-3
Teflon Coated Joint Model Dynamic Response

Preload Comparable to Basic Joint

Preload Freq., 7 Cross Ncise Damping
# Hz g' s Plane Ratio

50 ill 8.5 138 .088 .094
110 18,7 124 .69 .0072
111 21.0 107 .86 .0055

75 137 7.7 116 .072 .014
134 8.1 127 .11 .013

97 11.8 30 .13 .073
i01 18.8 20 .38 .060

100 94 6,1 35 .033 .042
122 16.3 129 .41 .007
101 13.5 27 .096 .059
104 20,4 19 .27 .058

"Torque" Comparable to Basic Joint

Preload Freq. % Cross Noise Damping
# Hz g's Plane Ratio

200 114 7.9 51 .026 .031
150 15.2 114 .19 .013
119 12.4 45 .039 .037
120 18.5 43 .092 .048

400 153 8.1 19 .031 .034 I
151 15.9 22 .063 .053
143 33.2 27 .048 .049
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Table 5-4

Basic/Teflon Joint Model
Dynamic Response Comparison

Comparison Preload Average Average
Configuration Basis Range Noise Damping

_ _...._ _# Factor T

Bas'c Reference 50-100 .644 .015

Teflon Equal Preload 50-100 .285 .032

Teflon Equal Torque 200-400 .070 .038

Noise Factor Reduction:

Equal Preload .285/,644 = .44

Equal Torque .070/.644 = .11

Damping Increase:

Equal Preload .032/.015 = 2.]

Equal Torque .038/.015 = 2.5

7
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Section 6.0

INTEGRATION INTO OVERALL SYSTEM REQUIREMENTS

The study thus far has been concerned with structural dynamic

characteristics of joints such as stiffness, tightness and damping.
There are a number of other characteristics that influence the design
of tactical missile airframe joints. These include strength, weight,
volumetric efficiency, degree of enclosure, producibility and maintain-
ability. A brief discussion of eaci of these topics is now presented
to provide an overview of airframe joint characteristics.

A rating scheme is then developed which is intended to facilitate
the integration of these various characteristics into the overall 6ystem-
requirements. The rating scheme will then be applied to three different
joints as an illustration. The three joints, which are used in the
Medium Range Standard Missile (RIM-66), are shown in Figures 6-1 thru
6-3.

6.1 SYSTEM CONSIDERATIONS

The airframe loints of a tactical missile possess attribute,
which must sat.isfy a number of requirements. The dominant requirements
which will be considered here are strength, weight, volumetric efficiency,
degree of enclosure, producibility and missile maintainability.

6.1.1 Strength

The static load carrying capability of the airframe of a
typical tactical missile is often determined by the airframe joints
rather than the shell structure between joints. The fatigue capability
of the airframe is also frequently determined by tho, joints. The reason
that airframe loints are relatively inefficient loaa carrying members
when compared to the adjacent shell structure is associated with the
distortiun of the load path created by the presence of the joint,

The critical static strength requirements for airframe joints are
frequently the bend~rig moments that arise from lateral loading condictions
such as handling of the assembled missile cr f-ee flight steering maneu-
vers, There are of course shear, torque and Ic-igitudinal load require-
ments imposed on airframe joints. However, the strength requirement that
drives the design of tactical mis!ile airframe joints is usually the
bending moment,

The strength of a joint can be quite sensitive to design details
that are sometimes quite subtle, Since stress concentrations play an
important role in the strength of joints, considerations such as ductil-
ity of the material and avoidance of sharp or rapid transitions are
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important. The static strength of the three airfram.i: joints that are
studied in this section of the report provide an indication of the
variation in strength. The strengths are listed below.

Illustration Strength
Joint Type (Figure No.) (Inch-Pounds)

Continuous Land 6-1 104,000 to 209,000
Four Bolt Tension 6-2 231,000 to 347,000
Eight Bolt Tension 6-3 345,000 to 425,000

The variation in the strengzh for tne first and third joints represent
the effect of minor design changes that were implemented to improve the
strength of the joint. The variation in the strength of the sacond
joint is due to a combination of material property and dimensional
differences.

A measure of the strength efficiency of a joint can be developed
by z-tloing the strength of the joint to the flexural strength of the
adjacent shell structure.

Joint Type Strength Efficiency - (%)

Continuous Land 28 to 57
Four Bolt Tension 41 to 62
Eight Bolt Tension 62 to 76

6.1.2 Wih

The weight of a joint is defined as tie weight of the
airframe in the vicinity of the joint less the weight of the thin shell
sections if they were extended to the joint interface. Thus it is seen
that the b ild-up in the shell adjacent to a joint is included as part
oi the weight of the joint. The weight of the fasteners, cover., and fair-
ings associated with the joint are also included in the weight figure.
The weight of each of the three joints was calculated using the approach
outlined above. The weight of the three joints is listed below.

Weight
Joint Type (Pot'nds)

Continuous Land 3.83
Four Bolt Tension 8.81
Eight Bolt Tension 8.80
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A measure of the weight efficiency of a joint can be developed
by ratioing the weight of the thin shell sections over rialf a body
diameter if no joint were present to the weight of the same region of
the structure with the joint present. This efficiency is of course ref-
erenced to the thin shell section which may not have been designed forminimum weight.

Joint Type Weight Efficiency - (%)

Continuous Land 37
Four Bolt Tension 26
Fight Bolt Tension 48

6.1.3 Volumetric Efficiency

The presence of joints in an airframe influence the volume
available to package the electronics, propulsion and ordnance. A meas-
ure of volumetric efficiency that reflects the influence that joints
have on packagirg volume is the open cross sectional area of the joint.
The volumetric efficiency of the three joints are tabulated below.

Volumetric
Joint Type Efficiency

Continuous Land 86%
Foi-r Bolt Tension 91%
Eight Bolt Tension 54%

The first and second joints are quite efficient with respect to volume
required while the third joint is inefficient in that it occupies almost
one half of the cross sectional area.

The significance of -olumetric efficiency is dependent upon the
design application. If the design is such thaL the packaged volume must
pass thru the inside diameter of the joint, the volume penalty is exper-
ienced over the entire length of the packaged item. Thus a substantial
volume penalty would be incurred for such an application. However, if
the packaged volume need not pass thru the inside diameter of the joint,
the volume penalty is ex;,'rienced only over the relatively short length
of the joint. Applications in which the packaged volume need not pass
thru the insi6e diameter of the joint are usually those in which the
entire packaged volume is loaded from the opposite end of the airframe
section. The volume constraint of the joint on the opposite end is then
of course the governing factor.

6.1.4 Degree of Enclosure

The sealing or degree of enclosure characteristics of
joints are a consideration in most tactical missile applications. It
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is generally preferaole to provide sealing at the airframe joints for
the entire interior of tha missile rather than for selected sensitive
components. The purpose of the seal is to preclude the entrance of
moisture, sand and dust.

Sealing of airframe joints is generally accomplisheG by using
elastomeric O-rings in the joint interface. Typically an annular groove
is machined in one of the mating surfaces and the O-ring is sized such
that it is stretched when installed in the groove. Th! tension in the
installed O-ring provi!ds for the retention of it during assembly of the
joint.

The O-ring provides sealing of the primary potential leakage path
to the interior of the airframe. There are however, a nunmber of secon-
dary leakage paths that must be sealed with certain joint designs. The
eight bolt tension joint shown in Figure 6-3 is an example of a design
that has potential secondary leakage paths. The eight fasteners pass
from the exterior to the sealed interior of tne airframe. This provides
eight potential leakage paths. Sealing of the fastener assembly is
accomplished by providing a spotfaced surface on the casting under the
washer. The machined surfaces and the conta.t stresses generated on
ascembly of the joint provide sealing of the fastener areas. Other Joint
designs such as the discontinuous land showr in Figure 6-1 and the four
bolt tension shown in Figure 6-2 preclude the existence of secondary leak-
age paths by keeping the fastener totally external to sealed interior.

6.1.5 Producibility

The producibility attribute of a joint design is concerned
with the cost of manufacturing the joint hardware. Since costs are
highly dependent upon production quantities, no attempt will be made here
to generate quantitative cost figures, Rather the producibility of the
joint wili be based upon the complexity of the machining involved in
fabrication of the hardware.

The continuous lane joint shown in Figure 6-1 has three machined
elements. Two of the machined elements are complex in that a large acute
thread surface and tight tolerances are involved. The two elements are
the split coupling nut and the mating female surface. Thus the produc-
ibility of this joint design is rated low.

The four bolt tension joint Phown in Figure 6-2 has six machined
elements, four of which are simply bolts. The two major elements
require only straight forward machining to moderate tolerances, Thus the
producibility of this joint design is rated high.

The eight bolt tension joint shown in Figure 6-3 has two major
machined elements plus eight fastener assemblies. The tolerances involved
are moderate, but the geometry of the assembly is such that an elaborate
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casting is required for one member and considerable machining is
required on the other member to minimize weight. Thus the producibility
of this joint design ts rated low.

6.1.6 Maintainability

The ease of assembly and disassembly of a joint design
effects both the producibility and maintainability of tactical missiles.
Extensive functional testing of the missile electronics is performed
during both manufacturing and deplo:7ment. All repair work and certain
types of functional testing require disassembly of the airframe joints.
Logistic policies also commonly require periodic disassembly of the
joints. The time and equipment required to assemble and disassemble as
well as the opportunity for human error or damage to the hard,;-re become
important considerations when large quantities of hardware or frequent
testing are involved.

The maintainability of the joint hardware itself is limited to
inspection of the hardware such as the machined surfaces at disassembly
and replacement of the O-rings and possibly certain of the fasteners at
reassembly.

The ease of assembly and reassembly of the continuous land joint
x: somewhat greater than that of the four and eight bolt tension joints.
Although the continuous land joint has a single fastener .hat requires
roughly only one full turn to engage or disengage, it is difficult to
position to start the thread engagement. The tension bolt joints are
easier to position but the need to individually torque each fastener on
assembly is time consuming.

6.2 INTEGRATION METHOD

The various attributes of airframe joints that were discussed in
section 6.1 plus the structural dynamic attributes must be considered in
an integrated fashion to produce an overall rating of different joint
designs. This is accomplished by assigning a figure of merit to the
individual joint attributes, a relative weighting among the attributes,
and finally summing the ratings over the attributes.

The three joints shown in Figures 6-1 thru 6-3 will be rated as
an illuntration. Equal weightings among the attributes are used, although
unequal weightings can of course be used to emphasize or deemphasize
certain attributes relative to the others. The four ratings of excellent,
good, fair and poor are used for the attributes based on the quantitative
and ciLalitative factors proposed in Table 6-1. In addition to the joint
attributes discussed in Section 6.1, the structural dynamic attributes of
stiffness and cightness are included in Table 6-1. The stiffness rating
is the NASA rating discussed in Reference 3. The tightness attribute
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refers to self induced noise characteristics that are discussed in

Section 5 of the present report.

The illustrative rating comparison for the three joints (Figures
6-1 thru 6-3) is presented in Table 6-2. Using equal weightings for each
of the eight joint attributes results in the best overall rating for the
four bolt tension joint. The overall rating using equal weighting factors,
does not reveal large differences between the three joints. However, the
use of unequal weighting factors in which certain attributes are assigned
very high or very low emphasis would produce more dramatic differences
in the overall ratings.
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Table 6-2
Illustrative Rating Comparison for Three Joints

Ratings (1)

Attribute Continuous Land Four Bolt Tension Eight Bolt Tension

Stiffness F G F

Tightness P G G

Strength G G E

Weight G F G

Volume G E F

Degree of Enclosure E E F

Producibility F 7 F

Maintainability E G F

Overall G(-) G F(+)

(1) E Excellent, G Good, F = Fair, P = Poor
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JOINT COMPLIANCE EXTRACTION CODE

USER'S MANUAL
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INTRODUCTION

The computational system used for implementing the method of

analysis described in Section 4 is composed of the following two
digital computer programs:

1) Program FILLIN

2) Program JOINTS

Computer program FILLIN is a small prelude program that accepts meaeured
modal data obtained at a set of test missile stations and interpolates
these data to provide "measured" modal data at a set of missile stations
consistent with theoretical modal data calculated within computer program
JOINTS. This preliminary step is needed so that a comparison of
experimental and theoretical modal data at identical missile stations
can be made within computer program JOINTS.

Within the Appendix input data instructions, data output and
program limitations are discussed for both computer programs FILLIN and
JOINTS. Computer program FORTRAN listings and a sample applicetion data
deck listing are also presented.

PROGRAM FILLIN

Because comparisons between experimental and theoretical modal
data are made at all mocal analysis stations, within computer program
JOINTS, computer program FILLIN was writien to provide interpolated
measured modal data for the modal analysis stations. The resulting
interpolated meaaured mode shape deflections and slopes are punched on
cards for the complete set of modal analysis missile stations in a
format acceptable for subsequent input to computer program JOINTS.

Usually, only mode shape deflections are measured in the labora-
tory while boti mode shape deflections and slopes are computed. There-
fore, an added feature of computer program FILLIN is the computation of
mode shape slopes from the measured mode shape deZlection data.

Computer program FILLIN has the following restrictions:

1) There must be at least two experimental points on each appen-
dage (to establish slope).

2) There must be at least two experimental points on either side
of a joint (to establish shear discontinuity).

Computer program FILLIN and JOINTS were written to be run on the
CDC 6400 digital computer with 32K words of memory storage, under control
of the CDC 6000 Series Scope Monitor System (Version 3.3), at General
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Dynamics. Pomona Division. All programs and subroutines are written in
the CDC 6400 FORTRAN Extended Language (Version 3.0) and should be
easily implemented on any machine having a FORTRAN IV compiler. Input/
output devices required are the card reader (logical unit 60), the line
printer (logical unit 6) and the '--_d punch.

Computer program FILLIN is composed of the following routines:

1) Program FILLIN

2) Subroutine SQUARE

3) Subroutine PARAB

4) Subroutine LINFIT

In addition, FORTRAN library routines EOF (end of file) and EXIT are
called. FORTRAN listings of these four routines comprising computer
program FILLIN are presented in Tables A-4 through A-7.

The input data instructions showing card formats for cmputer
program FILLIN are presented in Table A-i. A listing of a sample data
deck is presented in Table A-15. Data output consists of a listing of
the input data and the interpolated experimental data (mode shape
deflections and slopes) computed at all modal analysis stations. It is
suggested that the results obtained from computer program FILLIN be
checked before using the punched output as input to program JOINTS.

PROGRAM JOINTS

A simplified flow diagram of computer program JOINTS is presented
in Table A-2. The procedure for joint compliance extraction is described
as follows:

1) A starting value of joint compliance is assumed for each
joint at which the compliance is unknown (initially from the
input data).

2) Modes and the resulting cost function and first order grad-
ients are computed for this initial configuration.

3) Each unknown joint compliance is varied independently from
the trial configuration.

4) Modes and the resulting cost function and first order grad-
ients are computed for each of these configurations
obtained in Step 3.

5) Second order gradipnts are computed from the finite differences
of the results obtained in Step 4.
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6) A new trial set of joint compliances is calculated using the
first and second order gradients terms.

7) If the trial set of compliances has converged within a

specified tolerance, the analysis stops. Otherwise Step 2 is
reentered and the analys.s continues.

These seven steps comprise a cycle of iterations (a confijuration for
each of the unknown springs plus the nominal configuration). A detailed
decription of the computational procedure for first and second order
gradients and te new trial spring rates is presented in Section 4.

A brief description of the mathematical model of a missile is
presented here to aid in understanding the input data to program JOINTS.
A missile is modeled using a lumped parameter representation. A typical
model is shown below.
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Appendage attachment angles are defined by the following diagram.

4,4
S-

If this is the top view, the marked End view of main beam look-
angle is 5o . If this is the side ing aft.
view, the marked angle is,4

The following five types of stations are available for modeling

missile system:

I) mass

2) spring

3) appendage attachment

4) forward redundant appendage attachment

5) aft redundant appendage attachment

When modeling a system for input to the computer, each station input can
perform only one function, that is, a mass station cannot have a spring
associated with it or be an appendage attachment station.

The main beam or zero order appendage must be input first. The

first station on the main beam must be labeled one. After that, any
other positive integer may be used as a station identification number.
As a general practice, station identification numbers should be unique
since appendage attachment designations are made using these idcntifica-
tion numbers. Simple appendages are entered next starting from their
free end. Redundant appendages are entered last starting from their
forward attachment end. Within the main beam or any appendages, station
location values must be enterod in increasing order (consecutive stations
may have equal station locations). Redundant appendages must lie along
the main beam and have the same type of motion (bending, torsion or
longitudinal) as the main beam. Redundant appendages may not overlap but
simple appendages may be attached to redundant appendages.
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Complications arise due to the manner in which the Myklestad
subroutine in Computer Program JOINTS functions. The number of stations
in the actual mathematic l model of a missile (input stations) is added
to by the Myklestad subroutine for the following reasons:

1) A joint is represented by a single input station. However,
for computations, a second station (at the same location) is
needed to define the displacement and slope discontinuities
at the joint.

2) At appendage attachment stations, an additional station is
added (at the same location) to show the shear and moment
discontinuities at the attachment station.

3) For each appendage and for the main beam, an additional
station is added at the end of each beam system (at the same
location as the last station) to allow for imposition of the
boundary conditions.

Computer Program JOINTS is composed of the following routines.

1) Program JOINTS

2) Subroutine STEEl

3) Subroutine ALTER

4) Subroutine RENORM

5) Subroutine MYKL

6) Subroutine MEMSET

7) Subroutine MATNF5

In addition, FORTRAN library routines EOF (end of file), EXIT, SQRT,
ABS, LABS, LOCF (storage address of variable in machine), SIN and COS
are called. FORTRAN listings of these seven routines comprising com-
puter program JOINTS are presented in Tables A-8 through A-14.

Computer program JOINTS and FILLIN have the following size
limitations-,

1) A maximum of 100 theoretical missile stations

2) A maximum of 10 experimental and theoretical modes

3) A maximum of 10 redundant appendages

105

S. ... • •(



The input data instructions showing card formats for computer
program JOINTS are presented in Table A-3. A FORTRAN listing of the
program and its subroutines is presented in Table A-8 thru A-i4. A
listing of a sample data deck is presented in Table A-16.

Data output from the program consists of a listing of the input
data, the input configuration for each iteration, a comparison of
experimental and theoretical modes (deflections and slopes) and frequen-
cies and cost function data for each iteration.

SAMPLE APPLICATION

A sample application is included to assist the user in checkout
of the codes. Assume three experimental modes for a missile have been
measured in the laboratory. A 59 station mathematical rodel has been
developed, which includes two simple appendages and one redundant
appendage. Three theoretical modes are to be computed and four joint
compliances are to be extracted from the measured data using computer
program JOINTS.

Firs-, computer program FILLIN is run to determine the experi-
mental mode shape deflections and slopes at the modal analysis stations.
The data deck listing for computer program FILLIN is presented in
Table A-15.

With the experimental mode shape deflections and slopes defined
at the desired stations, computer prograwn JOINTS is then run. The data
deck listing for computer program jOINTS is presented in Table A-16.

The entire output listing from the computer program is not presented
because of the large quantity of output. Key output data are given in
Table A-17. Certain of the results are plotted in Figure A-1. Other

application examples are presented in Section 4 of this report.
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Table A~-4
FORTRAN Listing of Program FILLIN

PROGRAM FILL IN (INPUT=65,OUTPUT =659 TAPE 6L=INPUT#PUNCH=65) FIL 10
DIMENSION XSTA (200),XESTA (200) tEPHI(?00,i0),qEPMIP(200 910) PHI(2009 FIL 20
110) YNAENO(11) 9NAAS(200),ITM;-:(5120)1),0AAT(79201) qT1TLE (8) NAONE(11) FIL 30
2,LA8LL (200)9 ITYFE (200) 9PSAVE(IO),9NAS (200) 9 FIL 4.0

33tL(5),LAONE(11) ,LAENO(11) FIL 50

CO0MMON 7(4)9PH (4.) A 3) 9Xv POPP, &,YStý(4) FIL 60
1( iLAGe6i~,ITLE- IL7
EC FORMAT(BA10) FIL 80

I F (EOF (60) ) 3 C 4C FIL 90
3C 4ALL EXIT FIL 100
4bPRINT 5CTITLE FIL 110
5CFOjflhAT(1H1,15X ,8A10) FIL 120

c FIL 130

C iAD BEAM OrESCR1PTIUN FIL 140
C X FIL 160

c x~ FIL 120
bc O8 ,XNST, ~ TAN% FIL 200

7( F70pMAT(214p15)1Ed0 FIL 240
TRINTME90,NSTANEST T 6 FIL 2500

0 <EAICONTROL GARDS~ F5 FIL. 270

c FIL 220
C -AP 80 NT S t3A, DE SCITIAON X FIL 2300

tr FkMAT3I5)FIL 240
PRINT 100WTqET FIL 3250

9Ci FO,<MAT(///,20XqI1YKESTOF INPESTUT,///) ~ q51O NMBROFE FIL 230

20110 11,NCA FIL 2340
ci'PIT1OI(T EJI,15,O A(JIJ1T FIL 230
c2 FPRMNT BEAM,4XES 13.5)U FIL 3600

C FIL 373

PRIN 100FIL 320
1G FkAT1Q(///S(I),*MKESTAD I)I1NPUT*,/) FIL 4300

)0311 F ~I=T1(I,E1O.0) FIL 410
I!. RINT 12.0Iq(INAAS(JI),K9J=1,5) ,11,NETAJq) PJ1 FIL 420

12T S~MTtTN (614, S#/(4X,2I7E100.5)5 FIL 340
c ~ I FIL 350

,..AN6()~1FIL 460
3E0 150I=,(NAES( )XSA iNSA FIL 4700

PIFNTA$140,EQ.h4ASQ)-XESTA (10, 150NET FIL 480

'ITý AT ION NJ M6ER ( X9 109 0X .5 FIL 440

+ FIL 500

119



Table A-4
(Cont 'd.)

15ERCETA OONOOU SHPE R LOE 510
...AEND(L=NESTA FIL 530

FL540f

0 ,EAD AND PRINTr XEIETLPDESAE RSOE FIL 550
cFIL 560

PRINT 160 FIL 570
15C FO , AT (iH1920X,*EXPERIMENTAL MODE SHAPES*,//) FIL 580

ISTA=NESTA FIL 590
I F(NEXPoGT*5 )MSTA=2*NESTA FIL 600
3O 180 IT=19MSTA FIL 610
READi90,JK, (SHELLCL),L=1,5) FIL 620
PRINT 200 ,JqNAAS( IT) 9K,(SHEL(L),9L=19,5; FIL 630
JO 170 L=1,5 FIL 640

17C PHI (J, (KeL-1)) =SHEL CL) FIL 650
1bC CONTINUE FIL 660
190 FORMAT (6X9213, 5E12.5) FIL 67C
20C FORMAT (bX,316,5Xt5E12o5) FIL 680

c FIL 690
C JEFINE MYKL:ES-TADi OUTPUT STATIONS FIL 700
c Ot.FINE APPENDAGE END POINTS FIL 710
C INITIALIZE NAT=tIUM6ER OF APPENDAGES, NA=APPENOAGE NUMBER, FIL 720
G NAONECNA) NAENO(NA) =NUMBERS OF FIRST AND LAST STATIONS, FIL 730
C DEFINE STATION TYPEITYPECJ)=D(NO JOINT),i(LEFT SIDE ROTATIONAL FIL 740

L. SPRING), 2 (LEFT SIDE SHIEAR SPRING), 3 (LEFT SIDE ROTATIONAL ANID FIL 750
C SHE.AR SPRIN;S) , 4 (RIGHIT SIUE ROTATIONAL SPRING)q 5 fRIGHT SIDE FIL 760
L SHE.AR SPRINS)q 6 (RIGHT SIOE FOTATIONAL AND SHEAR .,PRINGS) FIL 770
C FIL 780

NA1 *NAzNAONE '(1)=i FIL 790
NN=1 FIL 800

K=O FIL 810
ZiO 270 J=i,9dSTA FIL 820
XSTA (J)=OAA1 (3 NN) FIL 830
LAt3EL( J)zITME(1,NN) FIL 840
NASC(J) =ITME( 29NN) FIL 850
ITYPE(J)=O FIL 860
IF(KoNE90)GJ TO 210 FIL 870
IF(ITME(4,NN)oEQs0)GO TO 230 FIL 800
IF(ITPIE('4,NN).tik.1)GO TO 260 FIL 890
IF(OAAT(6 NN).*NE 0) ITYPE(J)zi FIL 900
IF(OAAT(5,NN).NE90)ITYPE(J)=2 FIL 910
IFDOAAT(5,NN).NE.0.AN.ODAAT(6,NN).NEo0)ITYPE (J):3 FIL 920
;0 TO 260 FIL 930

211 K= FIL 940
IF(ITME(4,NN).NE.1)GO TO 220 FIL 950
1F(OAAT(6,NN).NEs0)ITYPE(J)z4 FIL 960
IF(DAAT(5,NN).Ni:.0)ITYPE(J)z5 FIL 970
IF(OAAT(5,NN)..NE.0.ANU.OAAT(6,NNM) NE.0)ITYPECJ)=6 FIL 980
ýO TO 230 FIL 990

22C NN=i+NN FIL100O
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Table A-4
(Cont'd,)

;oTO 270 FILi010
23C IF(ITME(iNN+1)oEQo0)GO TO 240 FILL020

IFC ITMtcA2,NP). NL. ITME(2,NN41)) CO TO 240 FIL10 30
NIO=I+NN FILIOJ4O

K=( FIL1050
,pO TO 270 FIL1060

24C .4ALNO(NA)=l'J FIL107C
IF(ITMEi(i,NN4-I).EQ.0)GO TO 250 FIL1OSO
lA= LiNA FILi090
NAONE(NA) =24J FILIIOO
-0 TO 260 FIL1IIO

25 L NAT=NA FIL1120
26( K~l FIL1130
27C CONTINUE FILi140

,4 AE NO( NAT ) ='4ST A FIL1150
FIL1160

PRINT ~eO,NAT FIL1170
26Gi FOkMAT (//IOX 9*NUMBER~ OF APPENUAGES INCLUDING MAIN ElEAM=*913) FILL180

PRINT 290 FIL1190
29C FORMAT (//iOK#APFFNfOAGE. NUN83ER*,5X*FIRST STATION*,5X*ENC STATION*) FILI200

3RlNT 3009(JNAONEAJ),NAENCCJ),J=1,NAT) FIL1210
30 f FURIIAT(20Xqt3, 22XI3,12XI3) FIL1220

PRINT 310 FIL1230
.3j[ FOZMAT(l~UT10*STATION NUM8ER,*T3)*STATION*T50*LABEL*T704TYPE'T90*A FIL1240

1PPLNUAGE LA3iiL*/) FIL1250
PRINT 32O,(J,XS1A(J),LABEL(J),ITYPE(J),NAS(J),Ji,9NST;; FIL1260

C ~FILl Z80
)O 840 L~1,4AT FIL1290
I INAONL CL) FIL1300
I FN=NAENO CL) FIL13LO
J I=LAONE(L) FILL320
J FN±LAENU WL FIL1330
J N=JFN-JI 4i FIL1340
JiO 830 I=IlIFN FIL1350
X=XSTA (I) FIL1360
I T=ITYPL( I)f 1 FIL1,370
;UTO (330,450 ,540,b30,690,760,790)IT FILIS80

G. PLAIN STATION FILi390
3ý* IF(X*LE.XESTA(JI41))GO TO 390 FIL1400

IF(Xo(,t..XESTACJFN-1))GO TO 400 FIL1410
IF(JNoGTo4)ýO TO 360 FIL1420
IF(JNoEQ*412,O TC 410 FlL1430
JO=JI FILi440
JE=JI+1 FIL1450
Y (1)=XESTA(JO) FIL1460
V (2)=XESTA(JE) FIL1470

30 350 M=i,NEXP FILi490
PH(1)=PHI(JO9tI) FIL1500

121.



Table A-4
(Cont'd.)

PH ( 2) =PHI. W.E ,M) FIL1510
CALL LINFIT F1L1520

r--PI(Iv)=pFIL1530O

;o TO (830t460,5509680,700,7709,820)IT FIL1550
36C iJi=Jli FIL1560

Jl1=JFN-2 FIL157'0
30 370 J=JJJM FIL1580
IF(X.GT.XESTA4j).ANO.X.LE.XESTA(J+i))GO TO 380 FIL1590

.37C ;ONTINUE FIL1600
361' JONE=J-i FIL1610

J=JFN1 FIL1650
JE=JIFN FIL1660
.vG TO 340 I.67

400Y 1 J0NEST JI N1 FIL1680

4EC JONTIN FIL1740
00 40 1,FEN FIL1T5O
;0 O 3430 ~ F ILi 70

41 JOK)=XJT(KJNE FIL1730

I43CD(K)=PHI(K+JONE-1,M) FILL780
;ALL SQUJARE FIL1790;ALIRB I10
:ALLPARA8m) FIL1810

44[C £PhIP(I,M)=.PP FIL1820I 0 TO (83O,460,5509680,T00,770,820)IT FIL1830
450 <SAVE:1 FIL1840

':O T0 330 FIL1850

460 K(SAVE=KSAVE~i FIL1860

47C P SA WE(M) =E P-1 14,9 ) FIL1890
90 460 .)=J1,JFN FIL1900
JJzJ FILL910

IF(XoEQ.XESTA(J))GO TO 500 FILMDZ
IF(XoLT*XESrA(J))GO TO 490 FILi9.30

46~0 CONTINUE FIL1940
'O TO 510 FILi950

490 JFN=JJ-i FILi960
ýO TO 510 FIL1970

506 JFNZJJ FIL1980
510 JL=JJ-JI 71L1990

IF(JL. GI.3)JI=JJ-3 FIL2000
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"Table A-4

(Cont 'd.)

JN=JFN-JI+i FIL2OIO
.0 TO 330 FIL2020

52C DO 530 M=194EXF F1L2030
530 EPH I Q(,M) =PS AVE (M) 

FIL2030

JI=LAONE(L) 
FIL2050

JFN=LAENO(L) 
FIL2050

J N= JFN-jJ~i FIL20600

i0 TO 830 
FIL2070

540 KSAVE=1 FIL2080

30 TU 630 FIL2090

55C KSA VE=I+KSAVE 
FIL2110

IF(KSAVEEQ, 3) GO TO 610 FIL2110

DO 560 M=1,4EXP 
FIL2130

56u PSAVE(hN)=EPt4IP(I,#N) 
FIL2130

'30 570 J=JIJFN 
FIL t250

JJ=J 
FIL2160

IF(X.EQ.XESrA(J))GO TO 59• FIL2170

IF(XoLT.XESTA(J|)GO TO 580 FIL2180
57C CONTINUE FIL2i90

GO TO 600 FIL2200
58C JFN=JJ-1 FIL2210

.T TO 600 FIL2A20
59C JFN=jJ FIL2230

650 JL=JJ-JI FIL2240
IF(JLrGT. 3)JI=JJ-3 FIL2250
JN=JFN-JIri FIL2260
;0 TO 330 FIL2270

610 '30 620 M=194EXP FIL2280
62 C -:. PHIP( IqM) =PSA VE (M) FIL2290

J I=LAONE(L ) FIL2300

JFN:LAENDO(L) FIL2310
JN=JFN÷I-JI FIL2320

C 690 TO 830 FIL2330

12FIL234
C STATION TO LEFT OF A ROTATIONAL AND A SHEAR SPRING FIL2350
C 6CD64 =TFNFIL2360

j3 0 6 0J = J . F F I L 2 3 7 0
JJ~a FIL2380

IF(XEQXESTAtJ))GO TO 660 FIL2390
!F(X.LT.XESTA(J))GO TO 650 FIL2400

64& CONTINUE FIL2410
ý0 TO 670 FIL2420

656) JFN=JJ-1 FIL2430
ý0 TO 670 FIL2440

66C J FN"-JJ FIL2450
67'0 JL=JJ-JI FIL2460

I F(JL. r,T. 3) JI=J J-3 FIL2470
JN=JFN-JI÷-I FIL2480
GU TO 330 FIL2490

68C JFN=LAEND (L) FIL2500
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Table A-4

(Cont'd.)

JI:LAONE (L) FIL2510
JN:JFN*1-JI FIL2520

GO TO 830 FIL2530
r FIL2540

C STATION TO 4IGHT OF A POTATIONMl SPRING FIL2550
C FIL2560

6Q0 KSAVE~1 FIL2570
GO TO 330 FIL2580

700 KSAVE=IKSAVE FIL2590
IF(KSAVFE0.3)GO TO 740 FIL2600
00 710 M=INEXP FIL2610

710 OSAVE(M)=EPHI(IH) FIL2620
00 72G J=JI,JFN F1L2630
JJ=J FIL2640
TF(X.LE.XESTA(J))GO TO 730 FIL2650

720 CONTINUE FTL2660
GO TO 830 FIL2670

730 JI=JJ FIL2680
IF(JI*3.LE. JFN)JFN=JT!43 FIL2690
JN=JFN-J1i. FIL2700
GO TO 330 FPL2710

740 00 750 M=INEXP FIL2720
751 EPHI(I94)=PSAVE(M) FIL2730

JI=LAONE (L) FTL2740
JFN=L1'ENO(L) FIL2750
JN=JFN-J4i÷ FIL2760
GO TO 130 FIt2770

C PFIL2780
" STATION TO RIGHT OF A SHEa; SPRING FIL279P
C FIL2800

760 KSAVE=i FIL2810
GO TO 790 FTL2820

770 00 780 M=19NEXP FIL2830
EPHIP (T•M) =0.5• (EPHIP ( -i •M) 'EPHIP (l,M)) FIL2604

780 F.P44IP(T-1,M) zEPPTP(IMI FIL2850

GO TO 830 FIL2860
C FIL2870
C STATION TO THE RIGHT OF A ROTATIONAL SPRING AND A SHEAR SPRING FIL2880
r FIL2890

790 00 800 J=JIJFN FIL2900
Jj=J FIL2910

IF(XLE*.XESTA(J))GO TO 810 FIL2920
800 CONTINUE FIL2930

GO TO 930 FrL2940
810 JI=JJ FIL2950

IF (JI]3.LE.JFN)JFN=JT43 FIL2960
JN=JFN-JI4 1 FTL2970
rO TO 330 FIL2980

820 JFN=LAEND(L) FIL2990
JI=LAONE (L) FIL3000
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Table A-4
(Cont 'd.)

JN=JFN÷1-JI FIL3010
IF(IT.EQ,6)O TO 770 FIL3020

83C ZONTINUE FIL3030
840 CONTINUE FIL3040

00 8d0 I=I,9EXP FIL3050
PRINT 650,1 FIL]060

85[ FOkMAT(1H1t20X*COWPLETE EXPERIMENTAL MeCDE.,14q//ITj5,#STATION NUMB FIL3070
1-R*qT30,#STATION LABEL*9T45,*APPENDAGE LASEL*,T70,STATION TYPE',T FIL3080
2359 *STATION* 9T96 *DISPLACENENT* 9 T118 ,#SLOPE*9//) FIL3040

00 860 J=iNSTA FIL3100
66C IRINT 870,JgLABEL(J) ,NAS(J),ITYPE(J) ,XSTA(J) ,EPHI(JI),EPHIP(JI) FIL3110
87( FOKMAT(20XII5,I10,2I20,5X93E1 .,5) FIL312',
88C CONTINUE FIL31304P=1 FIL3140

890 IT=I FIL3150
NC=NEXP FIL3160
IF(NtXXPGT,5)NE=5 FIL3170

9aC UO 920 J=1'4STA FIL3180
PUNCH 910,Jg IT (E.PHI(JqL) ,L=ITqNE) FIL3190

91(- FORMAT(6X,2I3•5.12*5) FIL3200
92( CONTINUE FIL3210

IF(NEXP*,GT*NE) GO TO 930 FIL3220
GO TO 940 FIL3230

93C IT=6 FIL3240
NE=NL•P FIL3250
GO TO 900 FIL3260

340 NP=NPO- FIL3270
IF(NP.EQ*3);O TO 960 FIL3280
0O 95w L=INEXF FIL3290
JC 950 J=1,4STA FIL3300

95( EPHI(JvL)=EPHIP(JgL) FIL3310
GO TO 890 FIL3320960 CONTINUE FIL3350

GO TO 10 FIL3340
END FIL3350
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Table A-5
FORTRAN Listing of Subroutine SQUARE

SUBROUTINE SQ~UARE SQU 10
0OHMON Y(4),P,1C4),qA(3,XvPPPqCYS(4(4) SQU 20
DIMENSION Z(4) ,F(4) SQU 30
DO 10 I19,4 SQU 40
1(1) =Y (I) SQU 50
F (I)=PH(I) SQU 60
Y.(I)=0.0 SQU 70
V.SQ(I)=Goo SQU 80

10 PHIu=000 SQU 930
DO 20 I=194 SQU 100
PH(1)=PH(1)#F( I) SQU 110
Y (1)=.Y i .Zc ) SQU 120
YSQC1) YSQ(1)+Z(I)*Z(I) SQU 130
1H( 2)=Pi( 2)tF( I)*Z(I) SQU 140
YSQ(2)=YSQ(2)+Z(I)*ZCI)*Z(I) SQU 150
'11(3) :PHC3)#.F( I)*Z(I) '1(I) SQU 160

26 YSQ(3)=YSQ(3)*Z(I)*4 SQU 170
PHII~)20o25*2H( 1) SQU 180
Y (1)=0 .25#Y( 1) SQU 190
YS[(I) =O.25*YSQ(1) SQU 200
y (2?) =YSQ( 1)/Y( 1) SQU 210
1H (2)=O.25#*l( 2)/luI) SQU 220
YS;4(2) =0. 5*YSQ(2)/Y(I) SQU 230
PH(3)=0#25*PH( 3) /YSQ(1 I SQU 240
YC3)=O.25*Y(3) /YSQ(1) SOU 250
VSý(3) =0e25*YSQ(3)/YSQ(1) SQU 260
0=1.6/(Y(2)*YS(4l3)+Y(1)*YSQ(2) +Y(3)*YSQ(I)-Y(2)'YSO(1)-Y(1)*YSQ(3) SQU 270
1-Y(3)*YSQ(2) ) SQU 280

ENJ) SQU 290
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Table A-6
FORTRAN List~irg of Subroutine PARAB

SUBROUTINE PARAB PAR £0
COMMON Y(4),9PH (4) A(3D , Xv,PP,poYSU(4 ) PAR 20
A(1)=O*(PHi~()'(Y(Z)*YS4(3)-Y(3)*YSQ(?)).Ph;2)'# 

PAR 30
1AY(3)*YSQ(£)-Y (1) YSQ(3))-PH(3)#t(Y(2)#YSQ(£)-Y(1).YSQ(

2))) PAR 40A(2)=D4 (P1(1)* (YSQ(2)-YSQ(3))+PH(2)*(YSI(3)..YSO(i))+PH(
3).svSQ(£).. PAR 50It-sQ (2) )) 

PAR 60A(3)=D*(Phi(1)*- (Y(3)-Y(2))+Pr1(2)*(Yti)-Y(3))+PHC3).(Y(2)..Y(£))) PAR 70P=.(£) +4(2)*XtA(3)*X'x PAR 80
0P=A(2)+2*A( 3) *X PAR 90

PAR £00
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[ Table A-7
FORTRAN Listing of Subroutine LINFIT

SUBROUTINE LINFIT LIN 10
COOMUN Y(4),PH (4) ,A(3),XPPPOYSQ( 4) L IN. 20
A(1)=O#(Y(2) 'PH(1)-Y(1)*PH1(2)) LIN 30
4 (e)=O#(PH(2)-PH(1)) LIN 40
P~=A (1) 4A(2)v'X LIN 50
PP=A(2) LIN 60
END LIN 70
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Table A-8

FORTRAN Listing of Program JOINTS

PROGRAM JO~INTS (TNPUTOUTPUTTAPE60:IWPUTTAPE6:OUTPUT) JTS 10
JTS 20

C PR¶OGRAP JOINTS - PROBLEM 2049 02/26/'71 VARIRELE DELTAK JTS 30
(WIdTH S'4EAR SPRINGS JTS 140

c JTS 50
rTM'FNSIO,% MAXSIGN(10),NSMAXPM(i0),NAOIý'E(i0),NAEND(1a) JTS 60
DIMENSION TITLEM8, Gt4(10),SHFL( 5),68(i0,10),CC(iO9i0) JTS 70
DIMENSION STF1EQOIO ,XFSTA(i00) JTS 80

JTS 90
C STORAGE CCM?4OX TO SUBROUTINE MYKL JTS 100

C JTS 110
COMMON FINK(300) JTS 120
CO?4?CN A(4,4,i01),SAP(4,4),AP(4,L.),VINV(4,46),ALV(k,94),1(4,4),AL JTS 130IIVT(494) ,TAP( 4949100) IVEC (4,101) 9ITEM(E,101) 9CATO (so ton . r300) IR JTS 140
2(0)O(0)F~(0)R3,K(0)MD(0)JTTIIL44 JTS 150
3,16u0H1,PRNTf4),1HOL(iaJ JTS 160
co"000N ICON(10),ICP(10),FPM(1a,4,4),FOM(10t,944),VSAVE(E,),ARSTAR JTS 170
1(10,694), ARPE(4,I.),ARPA(4,1dAPP(4,4),OANV(2,2)9OENV(2,2 JTS 180
2),TIHMAN(E,6),9MAN(6,e) ,BINV(6,6),k'MUL(6,4) JTS 190
romt4ON T4(101) JTS 200
COMMCN TTMc(5,10i)9OAAT(7,i0i),IETM(5),DTAA(?) JTS 210

CJTS 220
C 'TORAGE CCMMON TO SUeROUTINE STErP JTS 230

c JTS 240
COMMCN/1/ MWI4, ISTOP,NSTANT,NEXPSTEF,,ITMAXTOLITEP JTS 250
CflmpoN?l K~KKALPHAFvPFK(20) ,INTEG(20) JTS 260
COMMCN/3/PWMAT(10),FW?4AT(10),EOMECS(1O),KVAR(20),SPRINGL(?O)tSPPIN JTS 270
1GIJ(20),FPHTI(1S0,1),EPMJIP(iU00,I0hEFPFO(10),TFREQ(1O) JTS 240
COMMCN1/4/TOt4EGS(tO),TCHT(i00,iO),TPHTC(100,10) JTS 290
COMMON/5/JAqJ9,JDFF, SPFK(CIOAAUO100),ASPRING(20) JTS 300
CO"N6NS~SPN(0oSRN(OSA1)KYE1)CM(O JTS 31
CC)'MMN/71XRATrO,0LOSPQ (10) JTS 320
POMMON/A/KNOR~4 XSTA (!~00) JTS 330
CALL 1"EMSET (PINK(i),0TAA(7)) JTS 34.0

C JTS 350
c VE~fl AND PRINT TITLE JTS 360

JTS 370
10 PEAr?0,TITLE JTS 380
20 FOPMAT(BA10) JTS 390

IF(ECF(F0)) 30,40 JTS 1400
30 CALL EXIT JTS 410
4.' PRINT 50,TITLE JTS 420
50 FOPPAT(1H1,20X*EXTRACTION OF JOINT COMPLIANCES FROM ELASTIC MODE T JTS 430

lEST DAT(A'//20X,8R10///) JTS 1440
C JTS 450
C INITIALIZATION PASS JTS 460
r JTS 1470

TSTOP=0 JTS 4..O
TTEQ=1 JTS 490

C JTS 500
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C READING CPTIONS, ~WIGHTING MATRICES, AND LIMITS JTS 510
[C JTS 520

REA060,KNORM,WT,NEXP,NWTITMAXNVSPRNSTANESTASTEPTOLCLOSE, X JTS 530
IRATIO JTS 540

6!3 FORMIT(4IS,415,4E10.0) JTS 550
IF(KNORM*EQ.0) KNORM=1 JTS 560
NOTt'=NT JTS 570
PRINT 70, 14TNEXPITMAXNVSPRNSTASTEPCLOSEWWTNESTA JTS 580

70 FOPMAT(//40X9* NT = *t113014DX9* NEXP = ,I13,/4GX,' ITMAX JTS 590
I= *t113q/40Xj* NVSPR = *v113,/40X,* NSTA = ,1139/'.OX,' STEP JTS 600
2=qI.q4X*CLOSE =*fEi3.5q/40Xp* NWT =*q113pZ0Xq*NESTA =4tI JTS 61.0

313) JTS 620
KCLOSE=0 JTS 630
IF(CLOSF.EQs0.0) KCLOSE:1 JTS 640
PRINT 80,TOL. JTS 650

80 FOPI'AT( 40X,# TOL *vE13.5) JTS 660
P'EAD901KCHECKvXMASS JTS 67C

99) FORMAT(159EI0.0) JTS 680
IF(KCHECK9NEs2)GO TO 110 JTS 690
PRINT i00,X?4ASS JTS 700

100 FOR9'IT(1/20X'MOOES WILL NOT BE CHECKEr~,//20X,'XMASS 49013*5) JTS 710
GO TO 130 JTS 720

III~ PRINT 1209XMASS JTS 730
120 FORW"AT(//20X#MODES WILL BE CMECKEO*,//20X,'XPIASS =*,E13,5) JTS 740
13') IP(NWT.FQ.C)GO TO 145 JTS 750

PFAD140t (PWMAT(7-,I=INEXP`) JYS 760
14nl FORMAT ($E10.G) JTS 770

PEADi40, (FWPIAT(I)qI=INEXP`) JTS 772
GO TO 149 JTS 773

145 CO 146 T:1,NEXP JTS 775
146 PWMAT(I)=FWMAT(I)-1i.0 JTS 778
149 PRINT 150 JTS 780
150 FORt'AT(//1OX,' RELATIVE 140DE SHAPE WEIGHTING FACTORS *3JTS 790

PRINT 1609(PW4~AT(I)9,I=Iq`NEXP) JTS 600
16? FORMAT(/ 1Xq1fEi3.5) JTS 810

PRINT 170 JTS 830
17') FORMAT(//10X,' RELATIVE MODE FREQUENCY WEIGHTING FACTORS I JTS 840

PRINT 160,(FWMAT(I) ,=I:NEXP) JTS 850
ISO REAOI40,(EFREO(I),I=1,NT) JTS 860

PRINT 190 JTS 870
190 FORMATU//ICX,' EXPERIMENTAL FRECUENCIES *JTS 880

PRINT 160j(EFREQ(I) ,Ix1qNT1 JTS 890
!VO 200 T=1,NT JTS 900

200 EOMEGS(I)=(6.283185*EFPEQ0C1))'2 JTS 910
RNST=XMASS/(2. 0'NESTA) JTS 950
WF=ECMEGS (NEXP1**2 JTS 970
00 220 I1,1NEXP JTS 980
PWMAT(I) =RNST*WF*PWMAT(I) JTSIGOOO

220 FWtIAT(I):FWMAT(I)'WF/(EO?4EGSCI)**2) JTS1OIO
PRINT 223 JTS102D
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223 FORMAT(//iOX,' MODE SHAPE! WEIGHTING FACTORS *)JTS1025
PRINT 160,(PW'4AT(I) ,I~iNEXP) JTS1030
PRINT 226 JTStO4O

226 FORMAT(/fj0X,9 MOD0E FREQUENCY WFIGHTING FACTOPS )JTS104.5
PRINT i60,(FWHAT(IP ,I~iNEXP) JTS1050

?30 VEAr24O,(KSTA(I),KVAP(I),SPRINGL(I),SrRINGU(I),KTYPE(I),I1,NVSPR) JTS1060
240 FORI4AT(2IL.,2E@.(i,14) JTS1070

PPItNT 250 JTS1080
250 FORMAT(//22Xt* K*,* KVARCI)4,2X,' SPRINGL(I)*,2X,' SPRINGU(I)*,ZX, JTS1090

1' KTYPE*) JTSi100
PRINT 260,(KSTA(I),KVAR(I),SPRINGL(I),SPPINGU(I),KTYPE(I),I=iNVSP JTSi11O

1q) JTS1120
261 FORMATI/ (?OX,14,18,2Ei3.5,16)) JTS113O

00 270 !=ljiO JTS1140
CO 270 J=1,NSTA JTS1150
EPHI (JI)0C.0 JTS1160

27'j FPHIP(JI)=0.s JTS1170
C JTS1180

C FAOING EXPERIMENTAL MODAL DATA JTS1190
c JTSt200

IF(NESTA*EQNSTA)GO TO 290 JTS1 21i0
;;EAC140v (XESTA (I),91=1, NESTA) JTS1220
PRINT 280 JTS123O

28'ý FORMAT(1/3OX,'MODE MEASUREMENT STATIONS, YESTA(1)4) JTS1240
PRINT lAV,(XESTA(T),I=iNESTA) JTS1250

290J PRINT 300 JTS1.260
300 FORMAT(iIHI,20X,251H EXPERIMENTAL ~40DE FHAPES9//) JTS1270

P'STA=NESTA JTS128O
IF(NEXP.GT.5) MSTA=2*NESTA JTS129O
0O 320 IT=iMSTA JTS1300
VEAU33OtJ,Kp,(SHEL(I) ,L=i,5) JTSiMO
P9INT 330,JtK,(SHEL(L),L=i,5) JTS1320
D0 310 L195 JT Si330

310 EPHI(J,(KL-1))=SHEL(L) JTS1340
320 CONTINUE JTS1350
330 FORPHAT(6X,2I3q5E12.5) JTS1360

PRIV~T 340 JTS137O
340 FORIMAT(I.'i2OX,25H FXPERIMENTAL MODE SLOPESt/.) JTS13RO

00 360 TT=i,#HSTA JTS1390
QEAC330tJ,K,(SHEL(L)qL=1j:i5) JTS1400
PRINT 330,JKv(SHEL(L),,t=i,5) JTSi4IO
00 350 =195 JTS1 420

350 FPIIIP(J,(K.L-1)):SHfL(L) JTS1430
360 CONTINUE JTS1440

C JTSI.450
C READ REAM DESCRIPTION JTSi1460
C JTS1470

N X=0 JTSi480
370 NX:NX+i JTS1490

QEAD38O,(rTME(LL,NX),LLzI,5),(DAAT(KK,NX),KKzi,7) JTS1500
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380 FORMAT (214,312,2X,7ES.0) JTS1510
!F(ITME(1,NX).NE.0)GO TO 370 JTS152O

JTS153O

C LAST DATA CARO HAS BEEN READ JTS154OC JTS155ONCtPO=NX JTS156o

C 
JTS1560

C PRINT BEAM DESCRIPTION 
JTS1570

C JTS1590
PRINT 390 JTS1600

3q! FORMAT(1HI,9 9EA4 DESCRIPTION READ BY PROGRAM JOINTS*///) JTS1610
DO 41O IT=1NCARD JTS1620
FRINT 400(ITPF(JI)pJ=lt5)9(DAAT(JJTI)JJ=1i7) JTSi63O

400 FORMAT ((514iX,7E13.5)) JTS164C
410 CONTINUE JTS1650

C JTS1660
C SETTING STATIONS TO INTERNAL I'OUNTERS JTSI67O
C CEFINE APPENDAGE NUMBERS z NA, TOTAL NUMBEP = NAT, FIRST AND LAST JTS1680
C STATION NUMBeRS = NAONE(NA) AND NAENO(NA), JTS1690
C JTS1O70

NAT=NA=NAON1E(1)=1 JTS17I0
NN=i JTS1T?2
K=O JTS1730
00 460 JxINSTA JTSi7T4
XSTA(J)=DAAT(39NN) JTS1750
TF(K.NE.0)GO TO 420 JTS1760
IF(ITME(4,NN).NE.0)GO TO 450 JTSIT70
IF(ITTE(INN+t).oE.0)GO TO 430 JTSi780
IF(ITHE(2,NN).NE.ITME(2,NN,1))GC TO 430 JTS1790

420 NN=NN÷i JTS1800
K=O JTS1fi1
GO TO 460 JTS1820

43C NAENC(NA)=J•i JTS1830
IF(ITME(INN÷iso:0.O)GO TO 440 JTSi84O
NA=NA+I JTS1850
NAONE(NA)=J÷2 JTS186O
GO TO 450 JTS1870

440 NAT=NA JTS1880
450 K=I JTSi890
460 CONTINUE JTSi90c

PRINT 470,NAT JTS191O
470 FOVMAT(/I0X,'NAT = ',I3) JTS1920

PRINT 480 JTS1930
481 F.9AT(f10X,* J*,5X, 4 NAONE ( J) ,'X 4, 4eENC (J) ) JTS1940

PRINT 490,(JNAONE(J),NAENO(J),J=ItNAT) JTS1950
490 F0QMAT(iOXI3q5XI8 q5XvI8) JTS1960

C JTS1970
C COMPUTING GENERALIZED MASS FOR THE INPUT MODES JTS1980
C JTS1990

0O 520 1=1,NEXP JTS2000
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NNCO JTS2010
JJ=O JTSZ202
C-M(I)=O .0 JTS2030

F500 NN=NN,1 JTS2040
JJ=JJ~j JTS2050
IF(TTME(4,NN).NE.0) GO TO 510 JTS2060FGm(I)=GmCI)+OAAT(2,NN)#EPHI(JJ,I)4ErPHT(JJIg) ,OAAT(I.,NN)#EPHIP(JJ,I JTS2070
1)*EPHIP(JJI) JTS2060
IF(ITME(2,NN) .NE.ITV4E(2,NN~i)) JJ=JJ~1 JTS2090
IF(JJ*LT.NSTA)GO TO 500 JTS2100

GO TO 500JT23
1520GM()=G(I)* AS SflITE IT HEIPU OOS JTS214O

PRINT 530 JTS2150

1/) JTS2170
FPPINT 540,(GM(I),I~iNEXP) JTS2180

540 FORMAT(IX,5E23.8) JTS2190
C trEFINE SRTATION RtIMBER OF LARGEST DISPLACEMENT FOR EACH JTS22013
C FXPERIMENTAL "ODE NSMSXPH(I) JTS2210

0O 550 TivNEXP JTS2220
N-S"AXPH(I)=i JT S22 30
"PAXSIGN (I)=1 JTS2240
IF(FPHI(II) .LT.090) f'AX9IGN(I)=-1 JTS2250
PHMAX=ABS(EPHI (1,1)) JTS2260
I'AE=NAENO (1) JTS2270
00 550 J=2,NAL3 JTS2250
TF(A8S(EPHI(J,I)).LE.PHMAX)GO TO 550 JTS2290
PH1MAX:ABS(EPHI(J,T)) JTS2300
?4AXSIGN (I) =i JTS2310
TF(EPHI (J,I) .LT.O.0) MAXSIGN(I) :-1 JTS2320
t:SMAXPH( I)=J JTS2330

5SO CONTINUE JTS2340
c JTS2350
C, NORMALIZING THE INPUT MODES TO 0 GENEPALIZED MASS OF 1.0 JTS2360
r JTS2370

CO 560 TIvNEYP JTS2380
FACT=SOPT(t&0/GM(I)) JTS2390
V0 560 J=1,NSTA JTS2400
FPHI EJT)=FACT*EPHI(JI) JTS241i0

56fl FPHIP(J,I)=FACT*EPHIP(JI) JTS2420
KKK K : JTS24.30
00 600 J:1,NVSPR JTS2440
IYN=KSTA (J) JTS2450
IF(KTYPV(J).EQ.2)GO TO 570 JTS2460
TF(OAAT(5,NN).EO.0.)GO TO 580 JTS2470
SPRING(J)=1.o~fDAAT(5,NN) JTS2460
GO TC 600 JTS2490o

570 IF(OAAT(6,NN).EC.O.)GO TO 580 JTS2500
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SPPING(J):1.0 fOAAT(6,NN) JT S25 10
GO 70 600 JTS2520

580 PRINT 5Q09J JTS25 30
590 FORP4AT(//6H ,*418H COMPLIANCE NUMBER,13,15H IS ZERO* s JTS2540

T STO0P= i JTS2550
60C CONTINUF JTS2560

TTfAF (3,NCARDI =j JTS257'O
TF(CAAT(4,N1CARD).EQ.0.0) OAAT(I.,NCAROD)=250. JTS2560
IF(0AAT(3,N1CARO).EQ.0.0) OAAT(3,NCARO):1.10 JTS2590
TF(OAAT(iNCARO).fQ.O,0) OAAT(tNCARO)=2*5 JTS2600
SFREO=0AAT(1qNCARO) JTS26iO
STOPFR=VAAT(49NCARD) JTS2620
V0 610 J=tNVSPR JTS2630

610 SSPEQ1NG(J)=SPRING(J) JTS2640
JA:O JTS2650
JB=O JTS52660
JO = JTS2670
MT1KE :0 JTS2660
0ELFzDAAT (3,NCARO) JTS2690
010 620 I=iNT JTS2700

620 STFREQ(1)=EFREQ(I) .TS2710
1F(TSTOP.EQ.t1GO '.0 ±0 JTS2720I PWH=G JTS2730
!F(XI4ASS.CT.0.0) GO TO 630 JTS2732
PRINT 625 JTS2734

625 FORMAT(//i0X,62H* MISSILe MASS HAS BEFN READ AS ZERO. THIS CASE T JTS2736
IER4INATEC. ')JTS2737

GO TO ±0 JTS2738
C JT 52740
C END OF INITIALIZATION PASS JTS2750
C GENERAL PASS JTS2769
C JTS2770

630 CONTINUE JTS2780
00 650 J=i,NVSPR JTS2790
NN=KSTA (J) JTS2800
TF(KTYPF(J).E0.2)GO TO 640 JTS2$iC
0AAT (5,NN1=4.o0/SP`RING(J1 JTS2820
GO TC 650 JTS2630

640 VAT6NN=.fPIGJ JTS2840
651 CONTINUE JYS2850

IF(ITEPoEQ.1)GO TO 670 JTS2S66
('0 660 I=iNT JTS2870

660 STFQEQ(I)=TFREO(I) JTS288O
670 CONTINUE JTS2890

NT =N CM .JTS2900
mTS=0 JTS291.0
CO 680 TI~INT JTS2920
TFREO(I) :0.0 JTS2930
CO0 680 K=1,NSTA JTS2940
TPH I(K 9 1)=0 o0 JTS2950
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6A9 TPHIP(I(,T)=tl.1 JTS2960
nAP.T (1,NCAQ0) =SFP~r9 JTS2970

JTS2980
r SOLVE rO 'N~EW Ft)FOUFNCTEc ONO MODE SH6 0 ES JTS2990

r JTS3000
Pf TNT porITEQ JTS3010

69n~ cO0c$AT(1H1,40X,21H INPUT FCR TTFOATION T!3/) JTS3020
LT ME =0 JTS3030
2)0 R3C Ti:,NCTt4 JTS3040
%5.T (3,NCAR0)=9ELF JTS3050
9AAT(4#NCAQO])=STOPrQ JTS3060
TF(MTS.EO.Ih;O rrm q3O JTS3070
IF(I.Er. 1)GO TO 760 JTSTIO80
TF(KCLn3E.E0.1)Gf TO '30 JTS30q0
IF(SýTFREG(TA).NEF.f'.0)GO TO 710 JTS3100
PQTNT 700,T JTS3110

700 POPfT13H Ow- -ETFOFO(,I?,35H) EQUALS 0.0, THIS CASE TERMINATED.) JTS3120
MTKF=1 JTIS3130
rO TO 1210 J TS 314O

71: XFEQ=CLCSE* EFRFO(I) JTS3150
YF0EOWr)LF~EFREO (1-1) JTS3160
IP(XFcZFO).GT.YFPE7Q)GC TO 720 JTS31t7
YFPFO= F'FR$OU(-1fl( EPREOU)- EFPEG(I-M)/2.1 JTS3180

JTS 3190
7?C 9AtT(!,NCAR1)=)(FREO) JTS3200

GO TO 740, J TS3210
77C 9,A"T (I ,NCAqU)=DAAT (3,NC4RD)'TFREO(T-1) JTS322C
'40 IF(DA T(1,NO flL)),GT.r'fA6T(4,NCSdfl))GO TC 810 JTS3230

P QTNT 750,UTTME(J,NCAPP),J=1,5),(DAAT(JJ,NCARD),JJ=1,T) JTS324.0
7r- f7O'PAT(/(5I4,04),7E13.5)) JTS3250
76r (>5L1 VYKL(FREO,GfiM,L1TME JTS3260

L ImF:1 JTS3270
TF(~FC~,'.JE.3GO TO 78C JTS321l~
PP.INT 770 J TS 3290

770 PO0t4AT(/* EORQR IN CCMPtJTCc: MOCE F9EQUF:NrTFS. FPEQ=0.0, THIS CASE JTS37JOU
ItPOPTiO # JTS3310

4I KE=t JTS3320

TF(T.FQ.1)GO TO 790 JTS3340
IF(F;rF.EVO.TFrEQOI-1))GO0 TC 920 JTS3359

7qf CONTI-14UE JTS3360
00 800 K=1,NSTfl JTS3370
TPHI (K,IhzVEC(4,K() JTS3380

900 TPH-4P(Kt, ) zVEC (3,v1 JTS33q0
TFPQ (I1) =FPFO jTS3400
GM(I ) GA4 JTS34tO
GO TO 130 JTS3420

910 TF(MT1ý.EC.1)GO Tn 030 J TS 3430
NT=T JTS3L440
MYT JTS3450
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GO TO 830 JTS3460
ý2"1 NT=I-i JTS34~70

MTS=i JTS3480
81 CONTINUF JTS34.90

.F("T4 KE.FQs11GO TO 10 JTS3500
C JTS3510
C MMTCN'tC CORRESPONCTNG MODES JTS35 20
r JTS3530
C FINC MISSING "~ODES JTS3540
c JTS3550

ý'T=NCTM JTS3560
CO0 1070 I=1,NT JTS3570
TF(KrHECK(.EQ.2)CO TO 1040 JTS3580
LeITE=0 JTS3590

8465 NSC-NCH=O JTF3600
flo $60 NA=1,NAT JTS3610
NSr.N=1 JTS3620

( IF(TFHIP(t4AONE(NA),I).LT.0.0)NSGN=-i JTS3630
N1=KAONF(NA)4'i JTS3640

N2=NAENPl(NA) JTS3650
rO 190 J=N1,N? JT S3660

NsG=1JTS3670
TF( TPI4TP(J,I) LT#C.C)NSG=-i JTS3680
IFr1(KN$.FC.Nc.GN$GO To 850 JTS3690
NSGN=NSG JTS3700
NSGNCH=NSGNCH41 JTS3710

850) C 0 NT INU F JT S3720
86c rONTINUF JTS3730

IF(KSGNCI'.FQ.I)GO TO 1040 JTS3740
LSITE=LPITE+I JTS3750
6O TO (940,960,870)LPITE JT S3760

87ý PPTVT 880 JTS3770
M8 O PHAT(1w~1,20X#MO0FS 14AVE BEEN MISSED THREE TIMES....~CURRENT MODE JTS3780

IF' ANO SLCI'ES'//) JTS3740
N L =1 JTS3800

8Q NN=NL.3 JTS3810
IF (NNGT .N1) NN:N'T JTS3820
CO QOO KS=iNSTA JTS3830

900 PPINT 910,KS,(TPHI(KS,KM),TPHIP(KS,K'l)'KP'=NL,,NN) JTS3840
91n FOP?'nT( (2X,14,4(3Y,2F13.5))) JTS3850

NL=NLo-4 JTS3860
IF-(NL.LE.NT)GO TO 1990 JTS3870
PRINT 920 JTS3880

q231 FO~mAj(//20X*PREOUJENCIES ANDl GFNERALT7ED MASSES* ,// JTS389"
PPINT WlO,(KMTF9QE(KM),IGM(KM),KM=1,NT) JTS3930U

93 ) PORM8T( ( 1X,15,2(f0XF17.7) )) JTS3910
nO TO 10 JTS3920

940 PRIVT 950,1 JTS3930
grC FORMAT(//20X#MOOE*,I5,3X*HAS PE TSOOC* JTS3940

rO TO 990 JTS3950
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9~60 PRI1NT 970,1 JTS3960
970 F~vrNAr(/#Z2JX*MOOE~,L5#JX*H'AS drk.r'J NISSEu TWICE*) JTSJ970
480 iONT£M.J.. JTS3980

£FtNSGNý,HoG1.Nf1GO TO 1000 JTS3990
MNt=N.S6NLH JT'.w0 00
MII:MN* Ni JTS4016
MII..1NT JT.)4020
&,O 990 N=IMONT JT54U30
rFKEiA -u1i4e'Ij xTFEQ(-N4NMD J TS4 04'0

UO 990 L=1 ,NSTA JYS4060
fPhI(a.,.pIIIJZ)TPH1i(Lt99.NL) JTS4070

990 TPHIIP iL 9-N.H) =TPHIP(LL, -M#IMI) Jb.4080
iNF=NN-1 JTS4090
LJAAT (49NCA.RUmiz099*TFK~EQ(I NF+1) JT44104J
GO TO 1ti10 JTS4I11

1000 ItiF=NI JTS4120
LIAAT(4 ,NLAW.L)=Uo99*TFRL.Q(NT) J1i'.130

1010i OAAT(JfoigARGIs1.0#0.24(OAAT(SNCAeK.i-Z.0)JT44
uU 103U IN=1,INF JTS4150
vA (1 ,N(,AaIJ)SFRLQ*(0.9)*LaITC) JTS4160

P~iNT 75u,(IT~i(JNCAikO),J:,5),(UjAAT(JJNCA.tb).jj~1,?) JTS4180
L.MLL tIY&'L(FRLQ&,GAtILIME) J%.4190
UJO 1020 I(=1,NSTi4 JTS4200
TPHL(i( ,N)zVEG(4qKJ JTS4210

10.?0 TPHIP(K,INI=Vt-kAJpKl JT44220i
TF.c:4(I ii) FREQ iTS 0O

1040 Gil(INJzvAM J1b4Z40
GO TO 640 JTS4250
6,OfPArir. POLARkITY TO THAT OF EXPERIMNENTAL MODJE JIS4260

L JTS4270
lu4Ib (ANTINUz JTS4280

IF(j.LGT*NLXP)GO TO 1010 JTS4290
NSIGN=1 JTS4300

IF(N!ýGN.Nt~dIAXS1GN(I))G0 TO 1050 JTS4S2O
GO TO 1j710 JTS4330

1050 uUi £060 J:ipNSIA JTS4.J40
rPH.L(0J,&)-TPt1I tJ 91) JfT)4350

1060 IPHIP(JI)=-TPH1P(J,1) JTS436D
1070 CONTINU-. JTS4370

PK.LNT LU80 JIS4380
IJ180 FORMlAT(/* GOMPUTLCD GENEJRAL1ZLI HAS. FOK THE MYKL flOOt! ARE */J JIS4390

Pki'NT 1u969(GM(1)1,1Nt) JTS44f00

JTS44.i.Q
4; tiOiKAL~k1NG MYKL MOOL; TO A GLNERIAL1LZ.D MASS OF 1.0 JTS4430
C JTS4.440

#.iO 1100 IxINT .JTS44.50
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TOMEGS(I)c(6.283185*TFREQ(I)) )2 JTS4460
FACTzSQRT(1,0/GM(I)) JTS4470
00 1100 J=l#NSTA JTS48O0
TPHI(JTI)=FACT*TPH4I(JI) JTS4490

1100 TPHIP(JtI)=FACT*TPHIP(JpI) JTS4500
PRINT 1110 JTS4510

1110 FORMAT(/W THE THEORETICAL MODES HAVE BEEN NORMALIZED *) JTS4520
C JTS4530
C CHECK MODE SHAPE AND FREOUENCY JTS4540
C LOGIC FOR CONTROLING PROGRAM MYKL WILL BE LOCATED HERE JTS4550
C JTS4560
C OBTAIN NEW ESTIMATES OF THE JOINT COMPLIANCES JTS4570
C JTS4580

CALL STEEP JTS4590
IF(ITtAX.GTo1) GO TO 1115 JTS4593
ILT '_= JTS4594

CALL RENORM JTS4595
GO TO 10 JTS4597

1115 TF((MWHHLT.1),OR*(MWHGT,21)GO TO 1120 JTS4600
CALL ALTER JTS4610
GO TO 630 JTS4620

1120 IF(ISTOP.EO*0)GO TO 1130 JTS4630
CALL RENORM JTS4640
GO TO 10 JTS4650

1130 IF(J*,EO.2)GO TO 1140 JTS466C
GO TO 630 JTS4670

C JTS4680
C CONVERGENCE CHECK ON SOL4JTION JTS4690
C JTS4700
1140 KZERO=0 JTS4710

00 1150 K=lNVSPR JTS4?72
0ELTAK= A5PING(K) -SSPRI N(K) JTS4730
IF(OELTAKoEO,.00) KZERO=1 JTS4740
IF(KZERO.EQ.1)GO TO 1160 JTS4750
00 1150 J=IgNVSPR JTS4760

1150 BB(KJ)=(AA(JgK)-SPFK(J))/DELTAK JTS4770
1160 CONTINUE JTS4760

IF(KZEPO.EQ.OGO TO 1180 JTS4790
PRINT 1170 JTS4800

1170 FOPMAT(IOX,37H DELTAK = 0,0p THIS CASF TERMINATED. ) JTS4810
GO TO 10 JTS4820

1180 CONTINUE JTS4830
C JTS4840
C PB(JK)=THE MATRIX OF SECONO ORDER DERIVATIVES JTS4850
C JTS4860

PRINT 1190 JTS4570
1190 FOPNAT(//IOX9* THE SECOND ORDER DERIVATIVES ARE */) JTS4880

00 1200 J=iNVSPR JTS4890
1200 PRINT 1?10,(BU(JqK) K=iNVSPR) JTS4900
1210 FOQtAT(IXq10E13.5) JTS4910
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C JTS4920
C AVERAGING THE SECOND ORDER DERIVATIVES JTS4930
SC JTS4940
C 00 1220 KlNVSPR JTS4950

DO 1220 J:=INVSPR JTS4960
1220 AA(KjJ)=(B8(K,J)J88(,.1K))/2.0 JTS4970

00 1230 J:1,NVSPR JTS4986
00 1230 K=iNVSPQ JTS4990

1230 B8(JK)=AA(JKA) JTS5000
PRItIT 1240 JTS5010

1240 FORMAT(//IOXq* THE AVERAGED SECCND ORDER CERIVATIVES ARE e)JTS5020

00 1250 J=19NVSPR JTS5030
1250 PRINT 1210q(B9(J,K)j,K:1NVSPR) JTS5O0O

C JTS5050
C CALL INVERSION ROUTINE JTS5060
C JTS5070

CALL MATNF 5 (88,NVSPR,1O, 1.0,OETtIERROR) JTS5080
P9INT 1260,DET JTS5090

1260 FOR'AT(f' DET = *,E16.7) JTS5100
PRINT 1270 JTS5110

1270 FORIATWf/IOX,6 THE INVERSE OF THE SECOND ORDER DERIVATIVES ARE '/3 JTS5120
CO 1280 J=i,NVSPR JTS5130

1280 PRINT 1210v(8B(JqKRK=:1NVSPR) JTS514O
C JTS515O
C CHECKING THE INVERSE OF THE SECOND ORVER TERMS JTS5160
C JTS5170

1 0 t290 1=I•NISPR JTS51O0
PO 1290 J=,CNVSPR JTS5190
CC(NIEJ)=O.N JTSS?0
0O 1290 K=liNVSPR JTS5210

1290 cc(rTJ=cca,(J,) A(I,KSfK(K) JTS5220
PRINT 1300 JTS5230

1300 FORMAT(//* THE INVERSE OF THE SECOND ORDER nERIVATIVES TINES THE JTS5240

1ATECONA ORDER DERIVATIVES EQUALS( /) JTS5250
TO 1310 J=.LTNDGSPR JTS5260

1310 PRINT 1210,(CC(JqK) qKzjNVSPR) JTS5270
C JTS5280

C DONPUTING NEW SPRINGS RATES UTILITNG SECOND ORDER TERMS JTS5290
c JTS5300

O0 1340 Jz1qN*SPR JTS5310

TENP=O.T0 JTS5320
00 1320 K=IpNVSPR JT35330

t320 TENP=TEMP+88(JK)*SPFK(K) JTS5340
SP'RIG(J) =SSPRING (J)-TEM1P JTS5350
PATIO:ABS (SPRING(J)/SSPRtING (J)-X.O) JTS5360
IFfRITIO.LT.O.OS5)GO TO 1330 JTS5370
XNU14=ASPRING(J)-SSPRING(J) JTS5300
XOE•IffSPRING (J) -SSPRING (J) JTS5390
IF(t0EN.EQo.0.)GO TO 1330 JTS54,00

RATIO=XNUM1XOflN JTS541O

139



Table A-8
* ~(Cont 'd.)

IF(RAT`1OoLT*0*0) SPRING (J) =ASPRING W) JTS5420
1330 CONTINUE .JTS54.30

IFSRN()L*PIG(J)PIGJrSRNLJ JTS5440

IFRIPRTIEO(J.G,SPRINGV(J),COPRJ)SPF(J),J1,INVSPR) JTS5450
130 ORM4A(l8X,0SPINCEl.,E20. JTS5460
130CNINUIERTIT9XOTO18 JTS5470

POINT 1370 JTS5430
t350 FORMAT(~//' TH~ JAX95HU N(J~9X98 OFITERATIONS HS SEEN EXEEDEO) JTS~5490

PRIP 130,(*SPRNG(~vCMP(JpSPK(JpJ=1NVSR)JTS5550
1360 CONMTINUE ~ 2E~oq206 JTS5510

MM:0~LI4X)OTO18 JTS5520
PR0N 1370JiVP JTS5539

1ST~O:As5RIGJ=sPIG()i JTS5550
1380CONTINUE 130140 10 JTS55600
1 FMM= T.NSq)Oro12 JTS5570
1 00 CONTINUE VSP JTS5560

PRINT 1410 JTS5640
14OFORMAT(//* T~4E mINimuf' COSY FUNCTION HAS BEEN FOUNC 0)JS55

ISTOP:1JT56
1420 CONTINUF T57

00 1430 J~zivNVSPR J715680
OLOSPR( Jý SSPRING (J JTS5690
SSPRING(,ý=SPRING(J) JTSS700

1430 CONTINUE JTS5710
IF(ISTOP.EOol)GO TO 630 JTS5720
JO: 0 JTS5730
JA~i JTSS?40
JBo : JTS5750
H4WH4O JTS5760
GO TO 630 JTS577 0
E NO JTS5760
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SIUBROUTINE STEEP STP 10
C STP 20
C ESTIMATE SPRING VALUES TO IMPROVE MATCH OF BEAM MODEL STP 30
C STP 40

ýOMlhON/i/ MWH9 ISTOPNSTANTNEXPSTE.PITMAXTOLITER STP 50
.'0OPNMON12 / KKKI(KALPaAqFPFK(20)vINTEG(2Q) STP 60
COMHON/3/PW4lAT(1~3),FWMAT(IO),EOHEGS(10),KVAR(20),SPRINGL(Z0),SPRIN STP 70
1;U(20),9EPHI(100,l0),EPHIP(l00,i0),EFREQC1O)9 TFREQ(10) SIP 80
COHMON/4/TO'IEGS(10),TPHI(100,I0),TPHIP(100,d.0) SIP 90
vOMMON/5/JAJ8tJCFFt SPFK((l0),AA(l0v10),ASPRING(20) STP 100
COIION/6/NVSPRSPRINGCIO),SSPRING(1O),KSTA(10),KTYPE(10),COMP(10) SIP 110
DIMIENSION FACT(i0),PXK(200)9 FWI(iO),FXI(i0) STP 120

C STP 130
c ORINTING OUT A COMPARISON OF EXPERIMENiTAL AND THEORETICAL MODES STIP 140

LSIP 150
3RINT iC, ITER STP 160

10 FO'RMAT(iHlvf COMPARISON OF EXPERIMENITAL MODES TO THEORETICAL MODES STP 170
1 FOR ITERATION t4UMBER*,13/) STIP 180
NL-1 STP 190

2C NNzNL+3 STP 200
IF(NN*GToNT) NN=NT STP 210
00 30 J=1,NSTA STIP 220

36 PRINT 40, J,(EPHI(J9I)qTPHI(J,.I),I=NLNN) STP 230
4+C FORNAT(2XI'. 3X,.2E13.5,3X,2E13.5,3X,2E13.5.3Xt2E13.5) STP 240

NL=NL+4 STP 250
IF(NL*LE*NTPGO TO 20 SIP 260
PRINT 50 STP 270

5( FORMAT(1H1,* COMiPARISON OF SLOPES -- EXPERIMENTAL TO THEORETICAL*/ STP 280
1) STP 290
NL=i STP 300

6C NN=NL#-3 STP 310
IF(NNeGT9NT) NN=NT SIP 320
D0 70 J=1,NSTA STP 330

70 PRINT 4.0p J,(EPtIIP(JI),TPHIP(Jg4r),INLNN) STP 340
NL=NL+4 STP 350
IFCNL*LE*NEKP)GCJ TO 60 SIP 360
PRINT 80, tIER SIP 370

80 FORMAT(IHI$,47X,* ITERATION#,I4//) STP 380
')RINT 90 STP 390

9C FORMAT(IOX,' MODE4,10X, EXPERIMENTAL FREQ*,IIXo* THEORETICAL FREG STP 400
'I)SIP 410

PRINT 100,q(I 9EFREQ(I),ITFREQ(I1) ,1=,NT) STP 420
10c FORMAT(IOX,t 5, OXE18.7,1OX, El?.7) SIP 430

c STP 440
C STP 450
C COMIPUTATION OF THE QUAORA-IC COST FUNCTION STP 460
c STP '.70

FW=0.0 SIP 480
FX=0#0 STP '.90
NSPL=NSTA~i SOTP 500
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NSX2=NSTA*2 STP 510
00 130 I1,1NEXP STP 520
FWI(I)=0.5'FWeIAT(I) '(EOME%-,S(I)-TOMEGS(I))*(EOMEGS(I)-TOMEGS(I)) STP 530
FHr=FW4FWI(I) STP 540
FAC =0.0 STP 550
D0 110 Jz1,NSTA STP 560

110 FAG =FAC 4(EPHI(JI)-TP!4I(JIfl#CEPHI(JI)-TPHICJI)) STP S570
30 120 J= 4SPipNSX2 STP 560
.JJ=J-NSTA STP 590

120 FAC =FAC +(EPHIP(JJI)-TPHIP(JJI))*(EPHIP(aJI)-TPHIPCJJig)) STP 600
FXI(I) =0o5*ýAC'PPWMAT(I) STP 610

130 FX=FX4FXI(I) STP 620
F=FWeFX STP 630
PRINT 140,FFWFX STP 640

14.C FORMAT(//22'1 TihE COST FJNCoj,ON = qE13.5,10X,6H FW ,E13*5111OX96H STP 650
I FX = E13.5/I STP 660
PRINT 150,(IFWI(I),FXI(I),I=1,NEXP) STP 670

15C FORMAT (38X,13, 1OXE13.5,16XE13.5) STP 680
IF(ITER.EQo1) FF=F STP 690
IF(JB*EQ.1) tIWH= STP 700
IF(J8.NE*3)3O TO 160 STP 710
IF(ITERsEQ91)GO TO 163 STP 720
IF(FF.GToF) FF=F STP 730
41 WHIMW "+I STP 740
IF(FF.GE*F) MWei=G STP 750
IF((MWH*EQ*0)*OR.CtIWH*GT*2))GO TO 160 STP 760
;0 TO 390 STP 770

16C IF(ISTOP*EQ.1)GO TO 390 STP 780
C STP 790
C 3OMPUTATION OF THE GRADIENTS FOR EACH UNKNOWN SPRING STP 800
G POMEGK(PARTIAL DERIVATIVE OF OMEGA SQUARED VITH RESPECT TO SPRING STP 810
C iRATES K() STP 820

CSTP 830
30 280 J=1p1AVSi-R STP 84C
NN=KVAR(J) +i. STP 650
PFK(J) =090 STP 860
IF(JB*NE*0) AA (JpJB)=0.0 STP 870
DO 280 I=1,i4EXP STP 860
IF(KTYPE(J)*EQ.1)GO TO 170 SiP 890
POMEGK=(TPHIP(NN-1,I)-TPHIP(NNI))*42 STP 900
GO TO 160 STP 910

ITC POMEGK=(TPHI (NN-1,I?-TPIII(NNI))44 2 STP 920
160 CONTINUE STP 930

C STP 940
0 PXK(PARTIAL DERIVATIVE OF PHI WITH RESPECT TO SPRING RATES K) STP 950

C SToF 960
D0 190 NX.1I,NSX2 STP 970

1ýC PXK(NX)=0.0 STP 980
00 240 L=1,NT STP 990
IF(L.EQ*I)G) TO 24C STPi.0Q0
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IF(KTYPE(J)oEQ*1)GO TO 200 STP1O1O
FACT(L)=CTPiIP(NN-iL)'TPHIP(NN-II)-TPHXPCNN-1,L)'TPt4IP(NNI)-TPII STP1OZO
1IP(NNqL)*TP4IP (NN-II) +TPHIP(NN,L) 'TPHIP(NN,,I))/(TOr1EGs(i)-r0MEGS( STMi30

2L)) STPi040
L;O TO 210 STPIO50

20C FACT(L)=(THiI(NN-1,L)'TPHI (NN-1,I)-TPHI(NN-1,L)*TPHI(NNI)-TPHI(NN STP1060
ig L) *TPHI(NN-tq I) .TPiI(NN, L)v1 PHI (NN9 I) )/(TONEGS(I)-TOMEGS(L)) STP1070

210 CONTINUE STPIOSO
00 22C NX=iNSTA STP1090

224' PXK(NX)=PXK(NX)C)'ACT(L)*TPHI (NXL) STP1100
DO 230 NX=N3P1,tdSX2 STP1110
NY=NX-NSTA STP1120

23C -IXK(UIX)=PXK(NX)+FACT(L) 'TPHIP(NYL) STPiI30
24t C ONTINUE STP1140

C sTP115o
G COMPUTATION OF PFKCJ)--PARTIAL DERIVATIVE OF F WRT K STP1160
C STPI70

PFKX=.og STP1I8O
PFKW=0 .0 STP1190
DO 250 N=1,4STA STP1200

25E PFKX=PFKX.PWMAT(I)*(TPt4I(NI)-EPHI (NI)) 9 PXK(N) STP1210
3O 260 N=NSP1,NSX2 STP1220
N Y=N-NSTA STP1230

26L ;)FKX=PFKX4PWMAT(I)*(TPI1IP(NYII) -EPHIP(NY.I) )*'PK(N) STP1240
iFKW=FWMAT(I)#(TOMEGS(I)-EOMEGS(I)V*P'-A-,%-,K STP1250
:?FI((J) =PFK(J)+PFKX+PFKW STP1260
IF(JB*EQoO)GO TO 270 STP1270
AA(J,,J8)=AA(J,; 18) 4PFKX+PFKW STP1280

27 E CONTINUE STP1290
280 CONTINUE STP1300

IF(JB.*EQoNVSPR)6O TO 380 STP1310
IF(JD*EQ~i)G0 TO 300 STPi.320
JA:1 STP1330
juBo STP1340

JO=1 STP1350
D0 290 JmiNVSPR. STP1360

29C SPFK(J)=PFK(J) STP1370
3 0C CONTINUE STP1390

c STP1390
C COMPUTING WriERE THE COST FUNCTION GOES TO ZERO STP1408
C STP1410

Jc~ja~lSTP1420I IF(SPFK(JC)*GT*C*0)GO TO 310 ST P14 30
ALPHA=-STEP*SSPRING (JC) STP144C
,O TO 320 STP14.50

310 ALPHA=STEP*SSPRING(JC) STP1460
32C CONTINUE STP1470

C OMPUTING NEW GUESSIS FOR THE VARIABLE SPRINGS STP1490

c STP1500
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IF(JB.EQ.O)$O TO 330 STP1510
SPRING (JB) =SSPRlNG(Jd) STP1520

33C CONTINUE STP1530
JB=JB÷i STP1540
SPRING (JB) =SSPRING(JB)-ALPHA STP1550
IF(SPRING(JB).L1,SPRINGL(JB))SPRING(JB):SPRINGL(JB) STP1560
I F(SPRING (J3), GT. SPRINGU (JB))!PRING(JB)=SPRINGU(JB) STP1570
ASPRING(JB)=SPRlNG(JS) STPI580
00 340 J=I,NVSPR STP1590

34C ;OmP(J)=1,0OSPR1NG(J) STP1600
PRINT 350 STP16tO

35C FORMAT(/2OX,2H J,8X95H K(J), 1IXt7H PFK(J)91-XtbH COMP STP1620
I(J)/) STP1630
PRINT 360,(JSPRING(J), PFKCJW)COMP(J)qJ=1,NVSPR) STP164O

360 FORMAT(18Xp149E16*5, ZE18*5) STPL650
PRINT 370,ALPHA STPi660

371 FORtIAT(/10X,* ALPHA = *tE16*5) STPL6?O
I TL.R=ITER"1 STP1680

C STP169O
;0 TO 390 STP1700

C STP1710
C STP1720

3bC JA=2 STPI730
I TR=I TER*i STP174O

C STP1750
C RETURN TO PROGRAM JOINTS STPI760
C STPI770

390 CONTINUE STP1I80
ENU STP1790
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SUBROUTINE ALTER ALT 10
ALT 20

c ESTINATE NEWI SPRING RATES WHEN THE COST FUNCTION HAS INCREASED ALT 30
C ALT 40

COMNON/6/NVSPRSPRING(10),SSPRING(iO) XSTA(1O),KTYPE(i0),CONP(10) ALT 50
CONMON/7/XRATIOOLDSPR( 10) ALT 60
DIMENSION RATIO(10) ALT 70
DO 10 J=iNVSPR ALT 80
RATIO(J)=O0. ALT 90
IF(ULDSPR(J).EQ.0.)GO TO 10 ALT 100
RATIO(J)=SSPRING(J)/OLOSPR(J) ALT 110

1E CONTINUE ALT 120

IF(XKATIO.;:20) XRATIO=0,5 ALT 130
XRATIO=1.0+KRATIO ALT 140
YRATIO=I.O/KRATIO ALT 150
KOUNT= 0 ALT 160
00 30 J=1NNVSPR ALT 170
IF(RATIO(J).LE.XRATIO)|O TO 20 ALT 180
SSPRING(J)=XRATIO*OLDSPR(J) ALT 190
KOUNT=KOUNT+ I ALT 200
GO TO 30 ALT 210

2C IF(RATIO(J).GE.YRATIO)GO TO 3n ALT 220

SSPRING(j) :YRA TIO*OLDSPR(J) ALT 230
KOUNT=KOUNT* 1 ALT 240

3C CONTIMUE ALT 250
IF(KOUNT.Ni.)OGO TO 50 ALT 260
.90 40 J=IPNVSPR ALT 270

4C S SPRING (J) =(SSPRING (J)-OLDSPR(J))/2o 0 +OLOSPR(J) ALT 280
5C 30 60 J:ZNVSPR ALT 290

SPRING (J) =SSPRING (J) ALT 300
COMP(J) =:1 Of SSPRING(J) ALT 310

bO CONTINUE ALT 320
PRINT 70 ALT 330

76 FORMAT(IHIf/2CX,76H SINCE THE COST FUNCTION HAS INCREASED, NEW SP ALT 340
1RING RATES HAVE BEEN COPUTEO. 1/, ALT 350

PRINT 80 ALT 360
bc FORMAT(/2OXq2H J,8X,5H K(J)?9X,8H CONP(J),/) ALT 370

PRINT 90P(JSPRING(J)tCONP(J)PJ=IPNVSPR) ALT 380
90 FORMAT(18XI, 2LI6.6) ALT 390

END ALT 400
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Table A-11
FORTRAN Listing of Subroutine RENORM

SUJBROUTINE RENORM REM 10
CREM 20

C RENORMALIZATION OF THE EXPERIMENTAL AND THEORETICAL MODES REN 30
c REM '40

COMMON/li MWdH9 ISTOPNSTA,NTNEXPSTEPITMAKTOLITER REM 5C
C~ONI1ON/3/PW4Ar(10),FWdMAr(10) ,EOMEGS(10),e(VAR(20),SPRINGL(20),SPRIN REN 60
iGU(20),EPHI(100,10),EPHIP(1009i0),EFRE(;4i0),TFREQ(10) REM 70
COMMIIN/4/TO'IEGS(10),TPHI(1O0010),TPHIP(100,10) REM 80
v' OMhON/8/KNORN ,XSTA (100) REM 90
JATA (MODE=10H MCDDE ),NAMEIi&H0 EPHI ),(NANE2=1OH TPHZ REM 100

I ) ,(NAME3=1 OH EPHIP )#,(NAME4:i1tl TPH1IP )REN 110
DO 20 I1,1N2XP REN 120
IF(EPI4I(KNOiM,I)9EQ*0.).iO TO 20 REM 130
FACT=1*Q/EP1I( KNORIII) REN 140
30 10 J=11NSTA REM £50
EPNI(JtI)=FACT*LPHICJvI) REM 160
EPHIP(JvI)=FAC7*EPHIP(JqI) REM 170

10 CONTINUE REM 180
20 CONTINUE REM 190

D00 40 I=£,NT REM 200
IF(TPI1I(KNORMqI)9EQ*0e)GO TO 40 REM 210
FAC.T:1.0/TP4I( KNORMI) REM 220
DO ,%C J=1,NSTA REN 230
TPI1I(JI)=FACT#TPHI(JqI) REM 240
YPHIP(J,I) =-ACI$TPHIP(J,I) REN 250

3C CONTINUE REM 260
4.C CONTINUE REM 270
5C PRINT 60, ITER REN 280
60 FOiQIAT (liii, COMPARISON OF EXPERIMENTAL MODES TO THEORETICAL MODES REN 290

1 FOR ITERATION NUBR*7/ REM 300
NL=1 REM 310
NN=NL+ 3 REN 320
IF(NN*GToNEXP) NN=NEXP REM 330
PRINT 7Cq(M3OEII=NLqNN) REM 340

70 FORMAT (10X,4(18XA6,12) ) REM 350
PRINT 80, (NAME1,NAME2q1=NLNN) REM 360

St FORMAT(3X,21 K,6X,6H XSTA ,'.(8XA6,6XtA6)) REM 370
UO 90 J=1,NSTA REM 360

90 PRINT 100,JqXSTACJ)q (EPHIUqI),TPHI(JI)qIxNLNN) REM 390
100 FORMAT(IXI'.,ZXE12.5,4C2X,2E12.5)) REM '.00

N L=NL4 4 REM 410
IF(NLeLE*NEXPIGO TO 50 REM 420

110 DRINT 120 REM 4.30
£20 FORMAT(iHi,' COMPARISON OF SLOPES -- EXPERIMENTAL TO THEORETICAL*/ REM 440

1) REM '.50
NL=1 REM '.60
NN=NL+3 REM 4.70
IF(NN.GT*NEXP) NN=NEXP REM '.80
PRINT 70q(MDOEsIqI=NLqNN) REN 490
PRINT 80, (NAME.3,NAME4,I=NLNN) REM 500
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00 133 J:.1NSTA REN 510
13C PRINT 100 ,JXSTA(J)9(EPH4IP(JvI)pTPHIP(JtI)vI=NLgNN) REN 520

ML=NLI4 REN 530
IF(NLsLE.NEXP)GC TO 110 REN 540
END REN 550
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Table A-12

FORTRA14 Listing of Subroutine MYKI

SUB8ROUTINE MYI(L (FREQGAMLIME) NYK 10
G 14YKL MOCIFIED TO LIMIT NUMBER OF INTERNAL STATIONS To 100 MYK 20

COMMON FINI((300) MYK 30
COMMON A(4t4,101),SAP(4,4) 9AP(4,4),qVINV(4,4)qALV(4q4) 9T (4,4) 9AL NYK 40

C COMMON A(4,4,300),SAP(4,4),AP(4,4),VINV(4,4),ALV(4,4),T(4,4)gAL MYK 50
1 bTt404)qTAP( 4r4q100) VEC (4tIO1) ITEM(69101) qOATA(8,101)qII(30O) IR MYK 60

C tVT(4t4),TAP(4,4,I0O),VEC(4,300),ITENC(6,300),,OATA(8,300),11C300),IR HYK 70
2(300),oM(3O9),FI.NC(300),R(3),KKK(100),MOOE(100),JOINT(10i),AL(4,4) HYK 80

C 2(300),OM(300),FUNC(300),R(3),KKK(100),MODE(100),JOINT(300),AL(4,4) MYK 90
3, lb (141)qPR'4T(4) 9HOL(12) HYK 100

C 3 16 (300),9PRNT( 4) 9HOL(12) MIYK 110
50OMMON ICON(10),1C8C10),FPM(1O,4,4),FQM(10,'.,4),VSAVE(4),ARSTAR MYK 120
1(10969409 ARPt3(494),ARPA(4,4),APR(4,4),OANV(292),OENV(292 MYK 130
2) 9TNMAN(696) t#MAN(616) 98INV(6 v6) 9RMUL(694) IMYK 140
COMMON 14.(101) MYK 150
: OMMON 14(300) MYK 160

COMMON ITNE.(5,i01),OAAT(7,10i),IETM(5),OTAA(?) MYK 170
C COMMON ITME (51250),vOAAT (7p250) PIETM(5) ,OTAA(7) MYK 180

IC ITtuIN=1 IMYK 190
ILAF=1 MYK 200

r4 = C.MYK 210
Nx~0 "YI( 220

2 & ~IN=N~ MYK 230
NX=NX41 MYK 240
00 30 I:1,5 MYK 250

3 E I TEM (I vN) = T ME (1pNX) MYK 260
DO 40J Iz1,7 MYK 270

4.C OATA(IqN)z04AT(INX) MYK 280

IFtLIME*EQe1)G0 TO 60 MYK 290
WRlTE(6,50) (ITEMIOJ(N),I=1,5),(OATA(JN),J1,t7) rIYK 300

5C FORMAT (514q4Xq 7( E13e 5)) ItYK 310
6C, CONTINUE MYK 320

IF(ITEM(1,tO )7 0,1070 MYK 330

7C I TEM(6 N) =ITEM (I, N) MYK 340
ITEM (1,N) =N MYK 350
IF(N.EQ.1)GO TO 20 MYK 360
IF(ITEM(2,N).EQ.ITEM(2gN1I))GO TO 20 MYK 370
DO 80 I1:16 MYK 380

ITEM(I ,N41)zITEM(IN) MYK 390
80 ITEM(QN) =ITEM(QI9N-1) MYK 400

I TEN (1 N) :N MYK 410

ITEM(19N~i)=N+l IY K 420
ITEM(4,NhOC MYK 430
D0 90 J=197' MYK 440
OATA WJ.N+1) =DATA (Jq N) MYK 450

9C JATA(JON)0O.0 MYK 460
DATA (3,ON) =0TA (39N-1) MYK 470
N=Nti rIYK 480
iO TO 20 MYK 490

100 D0 110 1:1,6 MYK 500
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10ITEM Q N+I)= ITEM( ItN) "YK 510

1 TLMQ 9N) =N 1IYK 530
IT--'M(9N)=G YK 540

30 120 J=197 MYK 550
OATA(JoN41):DATA(JN) Y56

12C JATA(J,N)=0.0 HYI( 570
DATA (3,9N)=OATA 09,N-1) MYIC 580
N=N41 MYKI 590
INN:N-1 MYi( 600

E H=N MYK 610
30 150 I=2,14N PIYK 620

N~-1MYK 630
)ATA(8,N)DOATA(3,I)-OATA(3,14) MYK 640
IF(ITEM(2,N)-ITE,1(2,I))i30,140C,130 MYI( 650

13C JATA(8oN)=C*0 IIYK 660
140 DATA(8,1I=000 PIYK 670
15[ CONTINUE IIYK 680

DO 160 K1,1l00 MYK 696
30 1.60 I=1,4 MYK 700
00 160 J=1,4 MYK 710

16C A(IJK)=0e0 MYK 720
KZ=G MYK 730

KOWT~l PIYK 740
I TLPR=1 NYK 750
ei2=OAFA(l,M) MYK 76 0
IF(W2) 180,170,1±80 MYK 770

17C W=2.5 YI 780

IF(ES)209190200 YK 810

I R GAMtA) 220, 21 C , 220 Y84
210 GA91A=1.iO Y 850
220 UmMNAzl*+(CAMA-1,)0*sG5 Y86

JPbND=i~AT A (4 9M) 87
IF (UPBNcG) 240,9230,9240 Y$8

23C JPuND=2509O MYK 890
24L JPbNU=UPBNO 4 6*283185 PIYK 900

K~l MYK 910
SAMA=GAMA PIYI 920
DO 333 I1=194N MYK 930
1IF (ITEM (4,1) -1 )250,280, 300 MYK 940

250 A (19 ItK) =1 0 MYK 950
A (2,p2,K)=1 &0 MYK 960

D ATA (5 ,I) =DATA (5,1) /57@ 29578 HYK 990
)IATA(6,I)=D4TA(b,I)/57@29578 MYKiOGO
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IF(ITEM(5,I) )26092609270 MYKISIG
260 A (1,2,K)=-DATA(8tI) MYK1020

FA (3,2,K)=.5'DATA(8,U'*42/OATA(iIg) NYK1030
IF(OATA(,Ig) .EQ*0*0)A(Sq2,K) =0.0 MYK1040
A (4,iK)=-A(39 21K) MYK110 50
A (L.2,,K)=OATA(8oI)#*3,f(6o0*DATAftI)) NYK1060
IF(OATA(,Iv) .EQ.0.0)A('.,2,K)=0.0 MYKIO?0

270 K=K~1N~(16
;O TO 330 NYK1O9U

28 C A(0,19 K) =-DATA (691) PIYKiIBO
I F (ITEM(5, I) )290 92909 300 MYK111O

29C 4 (..,p2K)=-OATA (59,1) MYK1120
36 C (K~K=i NYKII 30

)AT A(5,1) =DATA (59,1) /57.29576 HYK1140
DATA (6,1) :DATA (6,1)/57.29578 MYK1150
4 (l1119K)=190 NYK1160
A (I,1,1(K) =19 0 Yi7
A (2,92, 0)=190 

Y17

A Q 929KK)=1. 0 MYK1180

A (3, 19KK) =-DATA(8 ,I)/DATA(1 I) MIYK1200
IF(DATA(1,I) .EQ.Go.)A(3,iKK'szDO. MYK1210
A (3,939 K)1.0D MYK1220
A (3939,KK) =I*Q 0 YK1230
A (4949,1)21.0 MYKIZ240
A (4,4,KK) j* C NYK1250
IF( ITEM(5,I) )310 93109320 MYK1260

31G 4 (1,2,KK)=-OAT A(s91) IIYK12?0
A L.3,2vKK) =DATA (8 9I)4*2**5/OATA (19I) MYK1280
IF(OATA(1,I) .EQ.0.0)A(3,2,KK)=0.0 MYKt290
A (49 19KK)=-A (3,2,pKK) NYK11300
A(D,,21,KK)=DATA(8,I) 4#3/(690#DATA(1,I)) MYK1310
IF(OATA(1,I) .EQ.0.0)A(4,2,KK):0.0 MYK1320
A (4939 KK)O=ATA (8 9I) MIYM330

32C .=K+2 MYK1340
33C CONTINUE MYK1350

~4STA=K-1 MYK1360
00 340 I1i,4N NY91370
DATA(7,IhO=ATA (7,)1)/57*29578 MYK1380
OATA(2,I)=OATA (2,1)/386.'. MYK1390

340 0ATA(4,I)=UATA(4qI)/386*4 MYK1400
KORP=0 MYK1410
DO 360 Ii,9NN NYK1420
IF(ITEM(3,I)-KORP ) 36003609350 MIYK1430

350 I(ORP =ITEN(3,I) MYK144I0
360 GONTINUE MYK1450

K=1. MYK1460
D0 390 u1=194N M4YK1470
IF(ITEM(4,I) -1)370,380,380 MYK14860

37C I1(K)=ITEM(191) MYK1490
Ib(K).2ITEM(6 ,I) MYKJ500
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I 4(K) = ITE (4, I) 1IYK1510
IR(K)=KORP-ITE H(3,1) MYK1520IF(ITtEM(39I),LTO) IR(K)=-l MYK1530

K=K •1 YKi540
;0 TO 390 MYK1556

35( KK=K÷i MYK1560
I 1( K)= ITEM(1 ,I) MYK1570
I6(K)=ITEM(6,1 ) MYK1550
I1(KK) =I1 (K) NVK1590
16(KK)=I6(K) MYK160014 (K)= ITEM (4 91 ) MYK1610

14(KK) =I4(K) MYK1620
I R(K)= KO4P-I2TEM3 1) MYK1630
IF(ITEM(3AI).LTO) IR(K)='I MYK1640I R ( KK) :IR (K) MYK1650
K(=K÷2 MYK1660

39C CONTINUE MYK1670
D.OSP=NSTA MYK1680
)O 440 K=9INSTA MYK1690
1=1(K) MYK1700
IF{ITEM(39I) )1C,400,400 MYK1710

'G. CONTINUE MYK1720
R T TO 420 MYK1730

4 F1C IPSTA=K-1 MYK174O
42 C [V=I.O MYK1750431 DO 450 [=il4• MYK1760

10 440 J=lt MYK1770
44C SAP(IR J)=O. O TYK1780
4*5C SAP(Iq I)=1*0 MYK1790

46E JNTi- MNYK1800
5MOR-0 MNYK1810KIAP=KORP MYK1820

471 K=1 MYK1830

450 CONTINUE MYK1840
<S=K MYK1850
IF(IRK),LTo AGO TO 490 IYK1860
I F(2I,(eK)WKIATP-AK(RP) 11109,1110 MYK1870

4 A(3 I=1T(K) MYK18804F=1 MYK1890
J1=1÷1 MYK1900
IF(IR(K)*GEO) GO TO 510 MYK1910
I F(JI-MMG55996090500 NYK1920

500 I F( ITEM(2 91I) -I TEM (29J1) ) 9809 5109980 MYK1930
51C IF(ITE.M(49II-1)5209540954O MYK1940
520 4(1q3, K)=W2*DATA(4,,I) MYK1950

A (1 •tK)=-W2'•OATA (2tIb •DATA(8, I) NYK1960
A (2q4, K)=W2fDATA({2q I) MYK1970
A {,930K)zI,0 ÷W 2"ATA(4tI) "A( 3, 1 K) MYK1980
A(3qt K)=W•fDATA(2qI) *A( 32, K) NYK1990

A(493, K):DATA(8,I)÷W2'DATA(4,I)'A(4,11K) MYK2000
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A (4•v4 K)I1.0+OAIA (29I)#N2#A(49 2,K) MYK2010
IF(ITEM(St I) )5 40,5405,0530 NYK2020

530 A (493, K):.z0 MYKZO30
540 IF(I4(K)-3)670,590,600 NYK2O•O
55C 4OR-NOR+i MYKZ050

00 560 J=194 MYKZ060
00 560 L=194 MYK2070

56C %PR( LJ)=AP(L,J) MYK2060
KQR=I6 (K) MYKZ090
ICB (NDRIK MYK2100
D0 580 J=Z1, 4YK2110
00 570 L=194 MYK212O

57( SAP(LgJ)=GO: NYK2130
531 $AP(JvpJ) :190 MYK2140

,ýO TO 670 MYKZ150

59C IF(I4(K-1)-3)5b50670,550 MYK2160
60C 1F(14(K-1)-4)61Cb70v610 MYKZ170
61C KKLEP=K MYK2180

00 620 J=1,4 MYKZ190
00 620 Lilp, MYK2200

62C ARPB(LJ)=AP(L,J) MYK2210
K SI=NSTA÷I MYK2ZZO
DO 640 J=14 MYK2230
DO 630 L114 MYK224O

63C SAP(LJ)=O.0 MIK2250
640 SAP(J, )=i.o NYKZZ60

D0 650 LX=K3iNSUP NYK2ZTO
IT=11(LX) NYK2280
IF( ITEM(2,IT)-K(QR)6509660,650 MYK2290

65C CONTINUE MYK2300
WIRTE(69730) KL•R "YKZ31O
;0 TO 2190 NYKZ320

66CI•:LX MYK2330
IC(ON(NOR) =K MYK234.0
;0 TO 480 NYK2350

67C 00 b90 L=Ip't MYKZ360
00 690 J=194 HYK2370
AP(LJ)=O. MYK2330
DO 690 IC=i94 MYK2390
AP(LJ)=AP(LJ)4÷A(LtIC, K)#SAPIICpJ)/OIV NVK2 4 00
IF(AP(LvJ)-,O E+19)690,680 680 NYK241O

68C 0IV-DIVI. 0÷E5 MYK24ZO
GO TO 430 MYK2430

690 CONTINUE MYKZ44O
DO 700 L=1i4 MYK2450
DO 700 J=1,4 MYK2460

700 SAP(LJ)=AP(LJ) MYK2470
IF(Ji-M)710,726,110 MYKZ240

71C IF(ITEM(2,I)-ITEM(2Jt))7T20, 1110,720 MYK2490
720 AL(1,1)zSAP(13) MYK2500
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AL (1qZ)cSAP(14 ",a Y92510
&L(2q1)=SAP(2f,3) M'VK2520
AL(2q2)=SAP(2, 4) NYK2530
IF4KIAP) 730,1130,730 MYK2540

?36 OETV=SAP(3,3)'PSAP(4,41-SAF(3,4)'SAP(4,3) MYK2550
I F (DET V) 1409 22 20,9740 MYK2560

74C V INV(190 =SAP(4 44)/OETV "YKZ5?G
V INV (2 91) SAP4 4,93) /OE V* t-1* 0) MYKZ580
V INV(U12,) =SAP( 3,')/OETV*C-.Is V MY92590

VINV (2 #2) =SAP( 393)/OETV MYKZ600
ALV(I1,)=AL(1,1)'VINV(1,2&+ALC1,2)4 VINV(2,Z) MYKZ610
A LV (192)=AL (Is1)4VlNV I 1 21 AL f192,)*V INV( 21,9) KYKZ230

ALV (2,2)=AL( 2,i)*VINV(1,2) 4AL(2,Z)*VINiV(Z2i2 1YK264C
DO 750 K2=2,NSUP MY K7650I
KU=K2 MYK2660
IF(lTEM(2,I) -I6(K2))?50q?70,73G MYK(2670

75C CONTINUE 14YK2680
WRITE(6,760) 16(KQ) 11YK2690

76E FORMAT(25H NO APPENDAGE STATION F0R13) MYK2700
GO TO 2190 Y21

77C IQ=I(KQ) R'YK2720
£F(ITEM(4fIaV-?)780,800qT80 MYK2730

78C WRITE(6,790) 16 (I'd) MYK(2740
79C FORMAT(8H STATII0NI3,28H IS NOT AN APPENDAGE STATION) NYK2750

&O TO 2190 MYK2760
800 IT=1+3*ITEM(5,IQ)+ITEF4(5,I) MYK?770

T~l,)0.0MYK2780
T (1,2)=0.0 NYK2790
T (291) =0.0 MYK26000
T (2,2) =090 (21
RAO±tSQRT((COS(OATA(79,IQ)))"42+(SIN(OATA(7,IQ))*COS(OATA(6,IQ)))102 M1YK2820

1) MYK2630
IF(RAO)820,0200,10 HYK2340

81C DL=(COS(LATA (7,pIQ))JCOS (DATA (6 9IQ)))/RAO t1VK2850
CU=SIN (DATA( 7-1IQ 1))COS(DATA(6, IQ)) /RAO MYK286O
'V=CQS (DATA( 7,, IQ) )*SIN(DATA(61, 1I)) /RAO MYK28 70
0O TO 83%1 MYK2880

820 CL=0*0 4YKC2690
CU=SIN (DATA( 5,1IQ)) NtK9
CVzCOS IQATAtS, IG)) MYK2910

83E '40 TO (84 09850,t860,t870, 8S0 98909 900 p910,9920),IT PIYK2920
840 T(1 1) =CL l/SýRT (CL**24CU* 2) HYK(2930

T (2,2) =CL /SQ RT (CL**'7?4CV**2) MYK2940
T (2,2) =ABS (T U~ 2.) P1YK2950
10 TO 930 MYK2960

850 T (Ip ) =CU MYK2970
GO TO 930 11YK2980

86r T (2, 1) -CV MYK2990
GO TO 930 MYK3000
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870 T (1,1) =-SQRT Ql*O-CL#P2) NYK13010
GO TO 930 M1YK30 20

880 T (It1) =CL 14113630
60 TO 930 NYK13040

830 ;0 TO 2200 NYK13050
90L C T(Ql2) SQRT(i., 0 -CL**2) "YK13060

ýO TO 930 141130?0
910 6O TO 2200 MYK13080
92E T(191)=CL MYK13090
93C ALVT(1,1)=ALV(Ii~IT(1,1)4.ALV(1,2)*T(1,2) MYK13100

ALVT (1,#2) =AL V( i,1)*T(2,i1) tALV( It2) *T (292) "YK13110

A (1949,(Q) =T(1It I)*ALVT (I p2) +T U(1,2)*AL VT(292) 14Y131i50
A (2,139KQ) =T( 2v1) *ALVT (1 1) +T(29Z) *AL VT(Up1) 1411(360
A (2,j4,KQ) =T( 2f l) AL'IT(I1,2) +T 12 92)*AL VT(292) "Y113170

rAP(2,2,JNT) :VINV(2,1)*T(2,1)*VINV(292)#TC2.2) IIYK3216
JOINT(K)=JNT MYK13220
1(KK(JNT) =KQ MYK13230
JNT=JNT~i MY1K3240

950 DO 970 ISP=L,4 P9YK3250
0O 96C JSP~1,4 MY1K3260

96b0 S AP (ISP, JSP)=0O a 0 NK3270
970 SAP (ISPISP) =1.0 MY1K3280

GO TO 1110 "YK13290
98C DlO 990 J:1,k- MYK3300

00 990 L:1,4 MYK13310
990 ARPA(L,9J) =AP(LvJ) MYK13320

00 1000 1=1,2 MY913330

00 100o J=11,2 MYK13350

IFUITEM(5,KF).NE.0O) OANV(2,2)=1*0/0I V MY113370
DE0ET-1.0/(0ANV(1i,l)*0ANV(2,2)-OANV(1,2)*DAIMV(291)) MYK13380

0ENV (2,2) :DlV (1, 1)*DE0ET MYK13400
0ENy (1,2) :-DAN V(1 ,2)*OEDET MYK13410
3ENV(2,i) :-)ANV (2#I)'*OEDET "YK13420
DO 1010 J=196 MYK13430
00 1010 I196 NYK13440

1010 rIINAN(I9.04o,0 NYK13450
D0 1020 LL=19512 MYK13460
30 1020 J~c1,2 14113470
JJ=J*LL-1 MYK13480
D0 1020 1:14z MYK13490

7i.I:4LL-114YK3500
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1020 T HMAN(IIJJ) =DENV (I 9J) MYK3510
8 4H A(1 , ) =-kRP ApA(3 91)-ARP8( 3 1) MYK3520
BIiAN (1•2) =-4RPA(3,2)'AiPB(392) NYK3530
BPIAN (Z 1J) =-RP A (4 it)-ARPB (49 1) MYK3540
*3ýAN (2,2) =-4RP A(4#2)-ARP8 (4C 2) MYK3550
IMAN(1t3) =ARPB (1,19'-ARPA (1I1) MYK3560
@tlMN(1,4) =ARPB (2)-ARPA(1,Z) MYK3570
e",N (2,3):AiPB (2,1)"ARPA(2,1) MYK3580
8:AN (2,4) =ARP8 (Z,2)-ARPA(2,2) MY1K3590
BHA N (1) 5) =-BHA N (11,3) MYK3600
83NAN (1,6) =-BNAN(1 #4) NYK3610
3MA N, • ,5) :-BMAN (2 ,3) HYK36Z2

IMA 4 (2 t6) =-BMA N(2•94) MYK3630
BMAIH (3 ,3) :-ARP A (3 #1) MYK3640
BMAN(3, 4) :-tRPA(3#2) MYK3650
BMAN(4,3) =-4RPA(4,i) MYK3660
i3MAN (4•4) =-ARP A(4,2) MYK3670
BMAN (3,5) =-ARP B(3,1) HYK3680
dMAN fr3 p6) :-ARP B (3 #2) MYK3690
BMAN (4, 5) :-ARP B(4,1) NYK3700
BMAN(4q,6) =-RPB(4,2) MYK3?10
BMAN (5,3) =-1,0 MfYK3720
t3MAN(5,5):= 1.o MYK3730
8MAN(uq) :-1oG flYK374O
OMAN(696)= 1.0 MYK3750
00 1030 1=1,6 M1YK3760
,0 1030 J=196 MYK3770
tJINV(I PJ)=* M0,0fYK3780

00 1030 NMzI,6 MYK3790
103f BINV(IJ):BINV (1qJ)+BMANINM)*THMAN(MqJ) M(YK3800

30 1040 J=i94 MYK38LO
00 104C0 =1,6 NYK3820

1040 RMUL(IJ):O=G NYK3830
00 1050 J=l12 MYK384O
30 1050 I:=14 MYK3850

1056 RMUL(ItJ):-ARPB(IJ) MYK3860
D0 1060 J:3t4 MYK3870
DO 1060 I:1=,2 MYK3880

106C bOMUL(IJ)=-4kPB(IJ)-ARPA(IqJ) MfYK3890
DO 1070 J=3,4 MYK3900
Do 1070 I=3,94 MYK3910

1070 ;J4UL(IvJ):-ARP8(1,J) MYK3920
00 1080 I:3,4 MYK3930
I:I÷+2 MY(K3940
00 108G J=394 HYK3950

1080 RIMUL(IIJ):.ARPA(IJ) MYK3960
00 1090 J:194 MYK3970
r0 1090 I=196 11YK3980
ARSTAR(NDR1 ,IJ):0.0 NYK3990
UP, 1090 NNm=I6 MYKI4000
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1090 ARSTARCNORoi ,J):ARSTAR(NORIj)+BINV (IIIH)"tNULCHNJ) "YI(4010
00 L100 J=194 MYK4020
00 1100 1=1,4 NlYK4030
SAP(IqJ)=0*0 MYK4040
D0 1100 MM11:14 MYK4050

110 C SAP(IPi)zSAP(1,J)*ARSTAR(N0RINMI)*APRCNPIj) MYK4060
K=KKEEP NIYK4P 70

K=K~l YK(4080
0 TO 480 N1YK4090

t1110 K=K+1 MYK4100
IF(K*LE*NSTA)GO TO 480 Y41
IF(KIAP)480, 48091120 NYK4120

1120 KIAP=KIAP-1 PIYK4130
GO TO 4.70 MYK4140

1130 12N~tITEM(2qN) NYK41S0
(KKK(JNT)=1 11YK4160

NOL)ENT) ITEM(591) +1 Y48

UtU1N-7) 1181, 2240p2240 NYK419O
114E IF(I2N)2190,2196,1150 MYK4200
1±5C G0 TO (1±60,1190,;l200,123091240,125Q),12N MYK4210
1160 IF(ITEM(5tl1J)1180v118091170 MYK4220
1170 AP(2q4)=ivQ/0IV 11YK4230
118C :UNC(ITER)=aP(1q3)*AP(2,g.)-AP( 1q4)*AP(2y3) 11YK4240

GO0 TO 1260 11YK4250
1190 FUNC(ITER) :AP(3t3)*AP(4,4)-AP(394)#AP(493) 11YK4260

GO TO 1260 NYK4270
12C( I F(ITEI4(5,i))122Q,1220,1210 N1YK4280
121C AP(4#2)=1.0/OIV NYK4290
1220 FUNC(ITER) =AP43,1)#AP(4,2)-AP%*3,2)#AP(491) 11YK4300

GO TO 1260 M1YK4310
1230 FUNC(ITER)=AP(1,.4)#AP(4494)AP(11,4)*AP(493) 11YK4320

SQ TO 1260 11YK4330
124C FUNCCITER) =AP(.31,)#AP(4,3)-AP(442)#AP(3,3) MYK4340

iO TO 1260 MYK43 50
1250 FUNC(ITER)=AP( 1,2)*AP(4,3)-AP(1,3)*APC492) 11YK4360
126C OM(ITER)=SQRT(W2) 11YK4370

PRNT(I)=ITER MYK(4380
PRNT(2)01111 TER)/6*283185 MYK4390
P RN T(3) =FUNC(I TER) MlYK4400
GO TO (1270,1380t ILAF 11YK4410

1270 IF(I(OWT.5~T*.1dO TO -330 Yt%!
128C IF(ITHINoLTo3)GO TO 1300 M1YK4430

OI1(ITER,1)OPI( ITE7J*GU0 4A 14YK4440
IrWIM(ITER4±.&9 E.THIS)miav TO 1290 NYK4450
SO TO 1310 11YK4460

1290 (0WTz1 Y40

130C 0ti(ITER+1) =M4 IIER) *ANA M1YK4490
1310 IILRIVTER*1 MIYK4500
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I F I TR.-298) 13 20,92190,t2 190 M1YK4510
132 C IF(OM(ITER)*GT*#ýPt3NUJ)G TO 219' '4YK452C

KOWT7KOWT+1 M1YK4530
W2=OM( ITER)**2 MYK(4540

IF(W2*E(A~f-*))GO TO 2190 MYK4550
,U TO 420 M1YK4560

133r IF((FUNC(IT:.R)/FiNC(.'TER-1)).GT.%Ct)GOi TO 1350 M1YK4570
jTHIlN=1 MYK4580

134~r ILAF=2 MYK45 90
SINLU=FUNC(I TLR-1) MYK4630
3MX=Af3S(SINLO) MYK4610
SINhI=FUNC(ITrtk) 4YK4620
3IxK=ABS(SIN4I) MYK4630
0 OLO=OM(ITER-1) MYK(4640
4,UHI=O9(TER) M1YK4650
.P0 TO 141C MYK4660

1351 IF(ITHIN@EQ*3UC TO 1280 MYK4670
FINK QI TER) =2UNL, t TER) -F~.NC (ITER-.) ?1YK4680
IF~IKOWToLT*3)GO TO 1280 MYK4690
IF( (FINK( ITE-R) /FINK (ITER- 1) ) L,-3.(o.WI THIN=ITHIN+i MYK4700
ýO TO (1280,136C,1370),ITHIN ~4YK4710

13tC THt.T=OMCITEý-I) MYK4720
THEM=FUNC(ITtR-1) M4YK4730
GO TO 126C 41YK4740

137C TIHS=(jN(TER) MY K4750
OM( ITER) =THAT MYK4760
FUNC(ITER)=THEM MYK4770
;0O TO 128C MYK4780

133C IF(FU.NC(ITL;Z)/SINLO) 1393, 1390,14CC I1YK4790
1.3ý( SINHIIFUNC(ITER) M~YK48 00

3O I=OM(ITEUR MYK48 10
u O TO 1413 MYK4820

1 4CýC 3 1NL O= FUNC(QITE k) MYK4830
ý,OLO=OM(ITEU) MYK4840

141 C IF(KZ*LEo3);O TG 1420 MYK4850
OM(ITER+1)=(SINhl*GOLO-SINLO 4 GOHI)/(SINHI-SINLO) MlYK4860
OM(ITER+1)=BS (C4t(ITER+1)) MYK4870
ýO TO 1430 MYK(48 80

142 C )M( ITEt+1) =( GuH1tOOLO) *.5 MYK48,30
IF(KZ*EQ*U-);-O TC 1440 MYK4900

143L ZCJNTINUE MYK4910
IF(ABS(1.0-(OtlTER+1)/OM(ITr-ýR))).LE.EPS)GO TO 1460 MYK492C

144C KZ=KZ#1 MYK49 30
*IF(KZ-16)i31.0, 31C,1450 MYK4940

14.5C KOWT:1 M4YK4950
KZZ 0 MY K4960
ITr'IN=1 MYK4970
I LAF1 MYK49dC
ZDMITER)=G01I MYK49930
FUNG(ITER) =3 NHI MYK5000
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&O TO 1280 Y51
146C S-APBO=ABS(FJNC;(ITER)) Y52

IF(SAM8O-BIX114704~470t~,450 MYK5030
147 IFSMOSX1894015 YK50 40
148L UF(SG=OM(ITE)14O18 4 MYK50503

IF(NDRsEQ*W0IG TO 1530 #4YK5060
00 1520 LAP=-19NOR MYK5070

D~O 1500 J=j19 MYKC5080

00 1490 1=1,4 MY95090
FPDI(LAPpIJ)4=00 NYK5100

149C FQN(LAPIJ)=0*0 N4YK5IIO

11=1+4 NYK(5150
00 1510 J=194 MYK516O
FQM(LAP,Igj)=ARSTAR(LAPgIItJ) MYK5170

1510 FPM(LAPIJ)=FPtI(LAP,1,J)-ARSTAR(LAPIIJ) MYK5180
1520 tONTINUE MYK(5190
153C CONTINUE MYKC5200

KZ=O MYK5210
GO TO (154091589%1620,166u,1680,1700),12N MYK5220

154C IF(ITEM(5,1) )1551 v155091560 MYK5230
1550 VLC(3,i)=-A'(1 4)/AP(1,3) MYK5240

VEL,(4, 1)=1.0 MYK(5250
GO 'TO 1570 MYK5260

1560 VEC(3,1)1I.C MYK5210
VEC (4, j)=.g M1YK5280

157C VEC(i, 1)zoo0 MYK(5290
VEC (2, 1)=0.0 MYK53'00
GO TO 1720 MYK(5310

158C IF (ITEM4(5,11 )1590 t1590, 1600 MYK5320
1590 VEC(.3v1)=-AP(3,4)/AP(3#3) MYK5330

VEC(4j,1)=io0 MYK5340
ýO TO 1610 M9YK5350

160C VEC(3,1):1.C MYK5360
VEC (4, 1)sO MYK5370I1610 VEC(191):0 NYK5380
VE,( 2, 1)=* M0. YK15390
;0 TO 1720 MYK5400

162C IF(ITEM(5,1) )1630,91630,9164 0 MYK5410
163C VEC(19 1)=-AP(3 92)/AP(391) MIYK5420

VEC (2, 1)=190 MYK5430
ýO TO 1650 MYK(5440

1640 VEC(1,1)s1.0 P1YK5450
VEC(29 1)z0*0 MYK5460l

165C VEC (3, 1)=0*0 MYK(5470
VEC (4, 1)=0.0 MYK54$0
GO TO 1720 MYK5490

1660 IF(ITEM(5,¶) 1670,91670 92 240 MYK5500
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167C V EC ( 191) a0. 0 MYK5510
V EC ( 2 1) z0O a 0 YK5520
VEC (3, 1)z-AP (1 ,43/AP(I, 3) MYK5530IVEC44, 1)=1.0 HYK5540
10 TO £720 MYK5550

1650 IF (I TE M (5 9l) )16 9 0v1690 2 2 40 MYK5560
169C. WEC4191)=Q*0 MYK5S 79

V EC f2 1) =- AD U33) /AP (3 2) MYK5580
v Er. 31) 1 a MYK5590
V E f; 41) 0 a MYK(5600
GO TO J720 MYK5610

170 0 1 F ( TEt(5 v1) )1710 91710 9?240 MYK5620
171 E IEC 111) 0 *0 MYK5630

V EC (2 1)=- AP (4,93) /AP (4 p2) MYK5640
W EC (3, 1) 10 HYK5650
V EC (49 1) 0 0 MYK5660

30 1870 K=2,KS MYK5680
1=11(K) M4YK5690
1F(I4(K)-3)1850,£730v1820 MYK5700

t73[ IFC14(K-1)-3)185Qv1740,1850 NYK5710
174E NSNmNSH4~1 MYK5?20

3O 1750 *J=194 MYK5730
1750 V SAVE( J)=VECCWJK-i) MYK5740

D0 1760 J=194 t4YK5?50
VEC(JK)=0.D tYK5760
D0 1760 MI'4194 MYK5770

176ý1 VEC,(JK):VEIW(JK)+FPM(NSH,JI'M)*VSAVE(MI1) I1YK5780
KL=ICON(NSti) t4YK5790
00 £770 J=1*4 MYK5300
V EC (itKL) =go0 MYK5810
D0 £770 Nti:194 HYK5820

177C VEG(JI.KL)=VC(Jge(L).FQl(NSHJglM)*VSAVE(PIN) MYK583C
1790 KL:KL4£ 14YK5840

IF(Kl-*GT*NSJP)GO TO £810 ?1YK5850
I=IL(KL) MYK5860
IF(I.EQ.IIU(L-1))GO TO 1790 MIYK58?0

1790C.JO0£800 J=194 MYK5~890
VEC(JKL)=0. 0 MYK5900
00 1800 MM=1*4 MYK5910

180C VEC(JKL)=VEC(JKL)+A(jpMKL1)*VE.C(MMKL-1) P4YK5920
.'0 TO 1780 11YK5930

1810 CONTINUE MY K5940
0O TO £870 MYK5950

£820 IF(I4(K-li-'.)1850,1830,1850 MYK5960
£830 DO 1849 J=194 MYK5970

VEC(J, K:zO.0 MYK5980
DO t840 tMMit4 MYK(5990

184C JEC(JK)=VEC(J,K)+ARSTARiNSH,JMm)*VSAVE(Nel) MYK6000
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GO TO 1870 "lYK6011
1850 30 1860 J=1,4 NYK(602Zi

tEC(J, K)=O#0 M1YK6031
00 1860 NM=194 "YK6041

186C VEC JK)=VEZ(WJK) tA(Jq?,~K-1)4VEC(M.4pK-I) flY'6051
187C CONTINUE IlYe6061

IF(KORP)2010 02611 Pi8so 14YK6071
1W8 KIAP=1 fYK608(
18ý0 )0 1990 K=KSNSTA 11YK609C

I=!1(K) MYK610C
IF( ITEI4(29I) -ITE.N(21,I-1) )19109 190091910 "YK6I1(

1901 P IF(IR<(K)4KIAP-KORP) 1990,1970,1990 11YK612(-
191.C IF( IR(K)tKIAP-KORP) 1990p19201,1990 NYK613t,
192C 00 1930 K2=INSUP t4YK614(

(Q=K2 lK5C
IF(ITEM(2,I)-I6(KQ))1930,191.0,1930 flYK616V

193C ý'UNTINUE Y67:
.jO TO 2190 "IY '(68 (;

194*C VEG(1,K0=00 lY K61 9C:
4EC (2, K)=0.0 MYK620(
D0 1950 J14,JNT MYK62i(

J~ii Y (2 21
IF(KKK(J1)-K(Q) 1950,1960,1950 P4YK623(

19rCONTINUE 11YK624(
19CVC(3,K)=TAP (i1,1J)4VEC(3,KQ)+TAP(1,2,J)'VEC(4,KQ) MYK625(

VEG,(4,K)=TAP (2,1J)*VE.(3,KQ)+TAP(2t2,J)*VtCt4,KQ) MYK627(
GO TO 1990 MYK628(

197C )0 1980 I=11,4 NY'(629(
VE.G (IK)=0 .0 MYK630(
00 1980 J=1,4 MYK6311

199b~ CONTINAf MYK6331
IF(KIAP-KORP)2 0C0 p2010,2000 MYK(6341

200 E KIAP=KIAP+1 MY K63 51
.0 TO 1890 MYK6361

2010 G AN:0.0 MYK6371
00 2020 K=1,NSUP MYK6381
I(N=K MYK6391
I F (ITEM(4 tM) -1 ( K) )2020 920 30 t2 020 MYK6404

202C ;ONTINUE Y61
i0 TO 2060 MYK642f

203C I F (ITEM(5,9KI) -1)2040p,2050120 50 MYK6431
204C B=VEC(49KN) MYK6441

GO TO 2060 NYK(6451
205C B=VECC3,KN) MYK6461
206C DO 2070 K=1,NSUP MYK6471

00 2070 J=i,4 MYK6481
207C, VEC(JtK)=VE6^(JtK)/8 MYK6491
208C 00 2090 K=1,NSUP 11YK6501
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I=11(K) IMYK6510
20-C %vAio=GAM+OATA (49lJ*VEC(3vK)*#2+OATA(2. I)*VEC(49K)##2 NIYK6520

,K=GAN*OMEG**2 MYK6530
IF(NOR)21009 212C,2100 PMYK654C

210( JUG=JNT+NDR N4YK6550
KKK (JUG)=KKK (JNT) IIYK6560
4ODE (JUG) =MODE (JNT) MYYK6570
JUI=JUG-1 iMYK6580
J1=O IIYK6590
DO 2110 J=J09T JUl MYK6600
J1=Jl+1 NYK6610

(KK(J) =IGBW(J) MYK6620
211C HOUbE(J)=HOOE(JUG) MYK6630

JNT=JUi, HYK6640

21c[ CONTINUE MYK6650
JO 2170 JJ=IJNT MYK6660
<Q=KKK (JJ) ?1YK6670
IQ=Io(KQ) MYK6680
I I=MOOE(JJ) MYK6630
IF( II) 2190 9213 GC 2130 PlYK6700

213E GO TO (2140,215111,2160),1I MYK6710
214+C Gu TO 2170 MYK6720

215C $0 TO 2170 MYK6730
216L J.o TO 2175 MYK6740
217[ CONTINUE MYK6750

FRLQ=OMEG/6, 283185 MYK6760

FR,-P=OMtITERsL) /6,283185 MYK6770
I TEN (3 9h) =ITEN (3, M) -1 MYK6780
IF(ITEM(3 ,) )21cjO 92190 91M 0 4YK6790

215C KOHT=2 MYK68 0
ON(1)=GOHI MYK6810

FUNC(i)1:SINH'l MYK6820
IF(FUNC(1). )EQ. C.O)FUNG(.)=-Sl'•LO MYK6830
ýANA = SAMA MYKb840

ILAF=1 MYK6850
Om 2)=GOHI*3AN A MYK6860
ITER=2 MYK6870
4FkP=i MYK6880
W2=OM(2)'*2 MYK6890
I TriI N-I MYK6900
GO TO 420 MYK6910

219 C U.TURN MYK6920
220C WRITE(6,2210)IT MYK6930
221C FURMAT(29H NO T GIVEN FOR JOINT TYPE 13) MYK6940

40 TO 219G MYKb950
22Q0 NRITL(6,2230)I6(KQ) ,KIAP MYK6960

223E FORMAT(24H DETLfk1NANT V OF JOINT 13,17H ,,PPENUAGE ORDER I3,5H = 0 MYK6970
1.) MYK6980
;O TO 2190 MYK6990

224( •RiTE(b,2250)I2N MYK17000
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225C FORHAT(25H BOUNDARY NOT IN TABLE 13) PYK/'010
iO TO 2190 MYK7020
END IIYK7030
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Table A-13
FORTRAN Listing of Subroutine MENSET

SU•tROUTINE 4EMSLT (IA9I31 4ST 10
J)IMENSION Ik{1) MST 20

<,=IAs (LOCF(Id)-LOCF(1A)) +1 4ST 30
JO' IL JziK '4ST 40

1( IA(J)=C MST 50
:.NU MST 6G
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Table A-14
FORTRAN Listing of Subroutine MATNF5

•Ut, ROUTINE M.T NF5 (A q,N, N0IMUT SCL CET , IROAR) MTN 10I
UIMLNS ION A(1) MTN 2C')

JlMLNSION PIVOT(I7G) #INDEX (17C,2) ,1PIVCT(170) MTN 30z

I(:.UuIVALENCU(IROWJROW),(ICOLJCOL),(AMAXTSWAP) MTN 40G
C MTN 50ý
C JLLCK 100 INITIALIZE MTN 60i
r MTN 70

L( I KO AR= 0 MTN 80
iLT=OEI TsCL MTN 90
30L 4- 41 J=19N MTN 100

4( IPIVOT(J)=:C MTN 110
JO .1 1 =19N MTN 120

t MTN 130
Z3LOCK 2Jý SLA&C, FOR PIVOT ELcM.EiT MTN 140

C MTN 15C
5C AM4,A=C. MTN 160

JO WLr j=1r, MTN 170
I F( IFPIVOT (J) -1 ) 63,1J0,63 MTN Id0

rr JO .3C K:1,N MTN 190

I IF(IPIVOT(K)-1)73,9u,290 MTN 200
7L J KJ+NUIM (<-I) MTN 210

I F .4tS (AMAX) -A BS (A(JK))) 8 30, 90 MTN 220

t. IQU V4J MTN 230
i CLK PIVOTAL, TN 240
AM,.,X=A(JVK} MTN 250]
; GOt. T INUE MTN 260

11Cf01TINUL MTN 210
1 1 IF( 1 MAX) 126,30i912C MTN 280

SMTN 290
L tJLCGK 300 INTEkCHANIE ROWS YO PJT PIVOTAL ELr.,-,rLAT ON DIAGONAL MTN 300

SMTN 310

12r IFIVOT(ICOL) =IPIVOT(ICOL) +1 MTN 320
IF (IROW-ICOL) 13L, 15L, 130 MTN 330

13C OET=-OET MTN 340

JO 140 L=Ei4 MTN 350
LC=NblM"( L-1 ) MTN 360
IRUL IROW+LD MTN 370
ICLL=ICOLtL) MTN 360
SWAP=A (IROL) MTN 390
A(IROL)=A(IOLL) MTN 400

14+L A(I(.LL)=SWAD MTN 410
15( INbLX(I,1)=IR)W MTN 420

INEX(I,2) =ICJL MTN 430

ILUC=IGOL+ND1M# (ICOL-1) 4TN 440
PIvOT(I)=A(I'LOC) MTN 450
3LT=LFT*PIVT( I) MTN 460

c MTN 470

C BLOCK 400 JIVIUZ.. FIVOT ROW UY PIVOT LLEMENT MTN 480
MTN 4•'0

16r A(ILOC)=I,0 MTN 500
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JU 170 L=194i MTN 510
ICLL=ICOL+N)1m 4 (L-±1I MTN 5 :0
A&(ICLL)=A(IZ'LL )/PlvOTtI) MTN 530

17 C CONTINUE. MTN 54.0
MTN 550

B LOCK 500 REOUCt- NON-PIVOT ROWS MITN 560
L MITN 570

1ýC JO 213 Li1,1N MTN 580
IF(LI-ICO0L)190,alC,19G MITN 590

1ýf 1CULJNUV14*C1CL-1) MITN 600
LltCL1IOIUL MTN 610
T=.4(LiC) MTN 620
A (L 10 C~) 0 NTN 630
3U 2 00 L:1,9N MTN 640

(tj=Nu M*(L-1) MTN 65C
-lu 11 4LJ MTN 660
ICL=ICOL+LL MTN 670

2rC MTN 680
?,' CUI4INUE MTN 69C

-~r~(LJ)(L1)-~IC)~T 23025,23 MTN70
BLOCK bOINHf.t<CHANGE. ^OLO'NS MTN 710

2CJO 25L, I=194MT73

IF(1NOLX(L,1)-INC)c.X(L,2))239593 T 5
2fJKU4=INLJEXL.,1)MT76

JCuL=I,'itJX (L,2) MN770
JkdWNLIM*(JROW~-l) MN780

JCCL=NLIM*(JGOL-1) MN790
JO e4r, K=91 TN 800
KRK+Jt<CWi MTN 810
<G,=KJCCL M4TN 820
z.WAPzA (Kg) t4TN 83V

4(Kk)=(KC) TN 840
A (eC)=SWAP MTN 850

24C CONTINUE MTN 860
251 ;ONTINUL MTN 870

iLTURN MTN 880
MITN 890

L 3LOCK 9030 EFRUR INDIC'ATIONS M4TN 900
0 MTN 91C

26( WRlTEd6,27C1 IROAR M4TN 920
2 7C FO-P1,AT(31HC SUbkOUTINE PIATNF4 ~E:K~RU TYPE 15) MITN 930
23C .ALL EXIT MTN 940
291 IROARP1 MTN 950

o0 TO 260 MTN 960
3,jC IRUAR=-5 MTN 970

'ýLTURN M1TN 980
E ND MTN 990
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TABLE 1-15
SAMPLE DATA DECK LISTING FOR PROGRAM FILLIN

---- - e e e e e--. ... ... CARO COLUMNS N-------------------S--------
OOOC 1111•111l•l22222•2•2233333333334444444445555555SS56666•666666•????•8

123456?790'•234567690123456789012345678901234567?901234567890123456?8901234567890
ee--- CO ------- ~e ee- -C--------------------- e

FILLItt TEST CASE TYPICAL MISSILE AIRFRAME
1 0.16 +7 .840 7.8

15 1.16 #8 .*412 15. 2.447
20 2.75 #8 .629 20. 7.002
25 4.72 .8 .726 25. 11.50
30 6.92 +8 1.003 30.15 20.13
35 3.90 #8 .783 35.5 10.93
37 2 3.83 +8 37.3
39 2.51 #8 4.138 39.8 2?.15
45 3.59 88 1*016 45.4 24.36
46 1 5.81 *8 46.9 .93 -7
47 5.81 *8 .614 47.2 13.83
48 3 1.57 +8 48.
49 1.57 .8 *323 49.4 7.92
55 1.57 +8 .560 55. 13.75
60 1.57 .8 1.161 59.5 28.46
61 4.53 .8 61.8
62 1 4.53 *8 62.59 .62 -8
63 4 3.23 #9 63.
66 2.59 +8 3.106 66. 41.24
67 3.56 +8 .809 67.97 £1.32
70 1 7.07 .8 70. .12 -6
71 1.29 *8 .687 71.38 19.42
76 4.86 .8 .925 7.4 26.13
77 1 4.q8 68 77.6 .62 -8
78 2 4.54 +8 78.25
79 4.54 +8 .846 79. 19.89
80 1 8.02 .8 80.5 .93 -7
82 7.10 .8 7.075 82. 92.66
90 5.26 .8 2.791 90. 81.50

100 5.26 +8 3.000 100. 92.34
110 5.26 .8 2.883 110. 88078
120 5.26 +8 2.883 120. 88.78
130 5.26 *6 2.863 130. 88.78
140 5.26 #6 2e883 140. 86.78
150 5.26 .8 2.883 150. 88.78
157 1.20 #9 157e5
160 9.41 .8 49.468 160. 138.91
160 1.23 .9 7.011 170.4 94.76
170 1 2.47 +8 170.5 .43 -7
171 2.47 .8 1.387 171.7 26.71
074 3.88 .8 174.
178 5.98 #7 6W351 177.38 109.66
182 5.98 +7 2.508 182.2 24.63
191 37 1: 2.43 +5 1.132 30.3
192 37 1, 1 2.43 *5 30.31 .19 -3
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Table -I,_5
(~ont 'd.)

*- -- *- --- - --- Se - CARD COL.UMNS

0000 COODOIA 111111112222222222333133333344#4444'.44'a555555555566666666667??77777778

193 37 1: 2.43 +5 .061 32.o3
194 37 L 1.62 +6 2o251 35.3 18.60

t537 1: 1 8.09 06 36.9 .80 -5
196 37 1. 8.09 IS, .453 37.02

196 37 1; $.09 #6 37.3

265 48-1: 1 5.66 *6 48. *28 -4
267 48-L 5.66 +8 60430 50.5 7.49
266 48-t 5.66 +8 4.4631 55. 7.49

269 48-1: 5.66 #8 9.71? 59o5 8.20
271 48-1, 1 5,66 +8 63. o62 -4 1*

1 3 40.0 1.01 200.I78 58 3
7.5 16e 26. 35.5
4005 45. S 48.5 52.
57. 62. 66. 69.5

71. 76. 79. 80.

8,5. 90.0 95;
1200 125. 130. 135.

140. 145. £55. 160.
165e, 170. 1710 176.
183. 3? 30. 37 30,3 37 30.32

37 32. 37 35. 37 36.89 37 3?.
37 37,3 75 705 78 75. 78 77.5
78' 78.01 78 78.25 4.8 45. 48 47o99
40 49.5 48 55. 48 59.5 48 62.

4F 63.01 48 66.
1 1 1.0 1SO 1.0
2 1 o$03 .965 .75?
3 1 .583 .813 .5t4
4 1 .403 .706 0308
5 1 .3 e655 .166
6 1 92 o639 .091
7 1 *111 .579 .006
8 1 *038 .521 -*043
9 1 -. 066 .353 -. 0103

10 1 -.149 .212 -.131
11 1 -. 195 .094 -Ott?
12 1 -. 220 -'.025 -. 083
13 1 -. 234. -. 081 -. 048
14 1 -,,260 -. 257 .01.5
15 1 -. 311 -. 397 .049
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Table A-15

(Cont'd.)

- - - - - - - -- - - CARD CILUMNS ...................-----------

O0C0000V1i111 111222?222222333333333333.'4 44a.54e5s55ss556566666666667n7777T77
t234567ýgl12345678901234567890123456789C123456769O123456?890123456769OL2345676g(
---------------------------------------------------------------------------------------

16 1 -,315 -,635 ,069
17 1 -. 311 -. 436 ,079
18 1 -,304 -0501 e126
19 1 -. 306 -. 616 V2
20 1 -. 296 -. 663 s2rO
21 1 -. 280 -.701 .281
22 1 -. 260 -. 710C 3P8
23 1 -. 242 -o709 .3?4
24 1 -,223 -. 732 ,342
25 1 -. 198 -. 755 ,34'
26 1 -. 170 -9674 *376
27 1 -.143 -. 641 *371

28 1 -. 113 -,57t .2Q8
29 1 -. 079 -. 504 .268
3C 1 -. 043 -.420 9229
31 1 .030 -. 217 ,141
32 1 .068 -. 112 Oq
33 1 .111 .072 O0n
34 1 .148 .176 -. nr
35 1 .161 .215 -,08
36 1 .227 ,392 -. 173
37 1 .268 ,567 -. 278
'8 1 .797 -10.28 -,64
39 1 ,78 -9.35 -.6
40 1 ,65 -5.6 -. 2R
41 1 .53 -3.0 -007
47 1 01. -0.5 c17
43 1 *362 o691 -278
44 1 .36 .69 o275
45 1 .354 .687 926A
46 1 -,345 -. 429 -,036
47 1 -,325 -.436 o013
48 1 -"321 -. 439 .041L
49 1 -. 319 -.44 o046
50 1 -. 311 -.441 ,049
51 1 .2 .635 n09
52 1 9135 .59 ,01
53 1 .103 .35 -. 155
514 1 -. 01 ,68 -. 265
55 1 -. 10 .54 -,36
S6 1 -. 161 .487 -.422
07 1 -s.5 .19 -,13

58 1 -019 '1 -.115
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Ta9LE A-IE
SAMPLE COTA DECK LISTING FCR PROGRAM JCINTS

----------------------- CARO COLUMNS -----------------------------

C3 OOaO3o1i1iiililt222?22222233333333334444'd4444555•555555666666666677777777778
12 345678931234567490123456 ?•gOt22167igO 1231,567qq01234C6789012345678o01234567890

-----------------------------------------------------------------------------------------------------------------

PROGRAM JO'NTS TEST CASE
1 3 3 1 10 4 78 78 0,15 0.001 .9
2 0.26'.

1.0 1.0 1.0
1.0 1.0 1.0

i9.- 116. t53.
IC Ii .1 #8 1. +8 2
21 26 .S +7 5. +7 2
27 35 .1 *B 1 + +8 2
49 58 .1 +6 1. +6 2

1 1 .99305E+00 .99665E+O0 ,99142c.00
2 1 ,82611E+00 .q0t16EtO0 .*7559E+00
3 1 .77703E+00 .ý9471F+00 .73663E.00
4 1 .66545E+00 .4066E+00 .60809F+00

1 .5399cE+0o .77A72E+00 #46133F+00
6 1 ,. 1 2 8 2 gF 0 0  .71442F+00 031713F00
7 1 .37409•+•U .70447F+00 .27764F+00
A I .37409E+00 .70447F+00 .27764C+00
q 1 .71913E+00 .67A2?E+00 .21627E+00

10 I .19196E+00 .61390E+01 .86290E-01
11 1 .15979E+00 .59723F+00 .57824F-01
12 1 15979E+00 o59723E+00 .57824E-01
1' 1 .15042E+00 .5q237E+00 .49S32F-01
14 1 .13144E+00 .58253F+00 .32737F-01
15 1 .131E.E+00 .58253S*0ý .3?737E-01
16 1 .10l0bF+00 .55596F+09 ,96847F-02

17 1 -. 14539E-O1 .419liE*O0 -. 66610E-01
18 1 -. q3783E-01 .29449E+00 -. 98Aq1F-01
19 1 -. 13327F+00 .2?284F500 -. 11155Et08
20 1 -- 14122E+01 .19475E,00 -. 11030O00
?I I -. i'322FF 0 .19475E5+O -. 11030E+00
?? I -. 14522÷ge0 .1i24q+o0C -. 10q69F,00
23 1 -. 1432?E+00 .18249• 00 -.*OQ6nE+00
24 1 -. 1878F÷•0 .90381F-01 -,10511E+0O
25 1 -. 20661E+00 .25042E-01 .8AO•EE-Ot
2A 1 -. 22617F+00 -. 42320E-01 -. 678045-01
27 1 -. 22617E+00 -. 4232qE-CI -. 67804E-01
28 1 -. 23708E+00 -. 92267F-01 -o50985F-01
2Q 1 -. 2q2745F÷0 -. 325675F00 .31853E-01
30 1 -.29464F+00 -. 33381F+00 .34456F-01
31 1 -.29464E+00 -. 33381E+00 .34456E-01
32 1 -.30085F+00 -. 360.?E500 .4296IF-C1
33 1 -sl108q+00 -. 360141*00 *42963E-ý1
34 1 -.30108E+00 -. 3Q140Fv00 .52867F-01
35 1 -. 31141u+00 -.42991E*00 .71?47F-01
36 1 -. 31141E5I+ -. 42901r+00 .71247F-01
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'able A-16
ont 'd.)

----- - -e -s -* -e -- - CARDl COLUMNS -e - e~ff - - --* - - -- -- -a

0COfO00DO11111111li?2222?22?22333333333344444444.'.5555155555566666~666667?7?77?7778

37' 1 -031@VE.*00 -045913E+00 .9160SE-0l
38 1 -*30233E*00 .*58q?3E*OO *19073E.08
39 1 .??8619E*00 -. 6876$E+00 e2768tE.00
4.0 1 -. ?'.ZZ4E.00 -. 71?39E*00 .3232'.E.O
4.1 1 -. ,.96?£E#So -*71Y5?E.00 .33632E.Of
42 1 - *142a.5E,00 -. 632 15I*D 0 9317'.OE~f
43 1 -*78407E-O1 -@4.9883E+00 .26426E#OO
44 1 -. 75292F-02 -*31736E#00 .10365E#Ot
4.5 1 *49641E-O1 -. 14.32$E+00 .IOS83E*OO
4.6 1 *69'.65E-el -. 821.9E-01 *82546E-01
4.7 1 o1554i8E000 *o2953E+00 -*65211E-01
48 1 n15636E*0O *217W5*00 -.66965E-01

49q 1 e15636E+CO .21?'.5E400 -*66965E-01
50 1 .16575E.00 *237?7E#00 -.03601E-01
51 1 *18630E.00 .30551E#00 -*123'.4E#0O0
52 1 *21903E*00 .'.2650E*fl0 -.19370E+01
53 1 .?611J3E*O0 o547OOE*00 -.26600Ef0'D

54. 1 .26103F+00 .56.700E+00 -.26600E.06

581 5'672E*00 -*33377!.01 -.73377F-01

51 1 o36377E+C0 .586739EQ0O .21875E0E.O
60 1 *36196*0E0 o6&9830E00 .276!3?E+0T,
63 1 *35'.UOE.Cf 9568700E00 .26450E+fl
62 1 *359i0OE+00 *6G8?OE.00 .268003.Ot
65 1 -.35403E+0O -.43273r+0 -.26866E*10
66 1 -.32540E.00 -.43896E.00 o36411E0I
6? 1 -*33028EG00 -*43q60F,00 -*46600E-Or
66 1 -*32051E*00 -*43696E+00 *34117E-O1
69 1 -.32020E+00 -*431O0E+00 .466000E-01
70 1 -*31i00E.00 -.439OOE*00 .'.9000E-O1
69 1 -*134?SF.O0 .569850E.00 *.9032'E-01

72 1 .133e2E.00 *87727E.O0 -. 125flOE.n
73 1 *82'.SSE-O1 .80682Ei00 -.17500E.OU
?4. 1 -*lOSOOE-0 *660SIOO400 "a26500E*M
75 1 .oIOOOOE.00 954100OE#00 -.36000E#Ofl
r6 1 -.185'.0f*00 .'6560E.o0 -*".660E*Ot
77 1 -.1'.967E*00 1£9430F+00 -,13005E*19
78 1 e.1Ii98?E+O0 .19839'*0C -1~3005E*01
1 1 -*231?6E-01 -.i1'176f-01 -*285868E-0
2 1 -*23176F-01 -*11'176E-01 -. 2858BE-O1
3 1 -*19867E.C1 -.96?OSF-02 -. 22895E-81
4 1 -*2'.766r-Ol .*12I01E-O01 -*2053?E-01
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able A-16
i,1ont 'd.

eceeeenecene---n--- CAROt CDL UMIN S cac c -- C e a

OCOOO0UOI1 lIl1111l22?2?2?2223333333333444455544555555556~fi6666666667??7??77778
123456?sqor12345678gol23'.567e9g 234567gqqj23456T69Oj234567gq4i23456?S6fl1234567S90

5 1 -4.21630E-01 e-jjI39Ecl -. 24?61E-01

6 1 -. 2569fE-01 -.12996E-01 -. 2914SE-81
7 oe21279jE-01 -*10~82E-01 -o23752E-01

8 *c21270E-0l -o1006E-01 -. 237?52E-0.1

9 1 -. 2269SE-01 -*10757E-01 .25343E-Ort

10 1 -*22627E-t0l -.11727E-01 -.?OOW4E-ff1
It I -*22222E-01 -*35556E-02 .*21M1E-Si
1? 1 e20857Efl01 c.165?1En01 '.14000E"O1

13 1 -. 23524E-01 *.12t92E-01 -. 20l8SE-O1
14 1 -. 231923E-01 :.12399E-01 Z.117lE-0O!

15 1 -. ?3q23F-01 -.123991E-Ot .. 21171E-01

16 1 -*21405E-O1 -*22829E~-Ol -.1524CE-IM
17 1 -*19312En01 -927IS5E-01 -. 1018E1

18 I -,16643E-01 e.30SW-01O -*55264EeO?

19 1 -*17494E'01 - 31743E-01 -. 5739qE-02
20 1 c.16?U0t0Z -*28260E-01 -*56000EcC'
?I I c.7142qE-07 -04900OE-01 *97143En02

22 1 -o1222qE-01 -*29990E-1 .14.927E-02

23 1 -*12229E-01 -*29990fOI *14927E-?
241. -.12812E-0l1 -*31416E-01 *15639E-17

F25 I -*94716E-02 -*3322SE-01 *9qj11BE-O

26 1 e.71429FC2? -634600F-01 .97143EO02

27 1 -.92000E-02 -*35200E-01 *12600EG01

28 1 -. 91541E-02 -,37513E-01 -12965E-01

29 1 -994914E-C? e.4G664E-O1 .130'JOE-01

30 1 -*92000EeO? e.35?OOE-01 912660E-n~
31 1 -skC000E-02 -*388OOE-0l .2DOOOOE-0l
32 1 -. 95946E-02 -*41111ET-01 .13142E-01
33 1 -*959146EO02 -. 4ti11E-01 .1'142E-01
34 1 -*96866F..0? -*415OSE-01 .13268E-01
35 j -*4.0800EcO? -.3640OF-0i *20000Ee01

36 1 .175lOCEeO2 e.16ZSE0E.fj t,1750E-01
37 1 A2a.5JE-03 -*iTS?5E-01 A12634F-01
38 1 *92996~E-03 -. 17279E-01 *1260SE-81L
39 1 03150WO02 c.65641Ec0;' *71590En02
40 1 .36679F-02 -*16828Ee02 .410726E-OE
41 1 .492,26E-0? 1'6749E-02 ??761?E-O3
4? - c7SW6-02 o11929F-Ot -*31200E0O?
43 t *'uS01E-02 .14W~E-01 -. 62313E-02

44 1 *?3400E-0? *19!40E-01 -. 688R0E~-02
45 1 *77870E-02 .242?40F-01 -.10429E-01

46 1 MW906E02 *24S24E-01 -.110595E-01

47 1 .87572E-02 MSS55E-01 -*17539E-01

48 1 o74009VnO? *2080CE-01 -*14000Fn01

49 1 .900OOE-02 .3540OF-01 -. 210D0E-01

50 1 .68731E-02 .?9!53E'01 -. 17?205E-0'
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':able A-16
(':ont 'd,)

00008 00001;1 111111112?22?2?222233333333334.4414'.a.1.4555555555566666666667??7?7?7?778
1?31.568901 t23a.56?o9012345678qt11234567gqoj?3a.567ego123456?s9n1?31.56?ego123456?890

eeoc- e - e~e.ee -eeeeeeeeee.------------- e c en ---------- le n. .. e

51 t *899?0f-02 o2961.5E-0l -.1713SE-01
52 1 *0714.3E-D2 .25500E-01 -*l5000E-0I.
53 1 *8?143F-0? .2500CE-01 -.15000E-01
54 1 *8714]E-02 *25600E-0i -.ISOOO0E-01
55 1 .*56667F-Ci *31500E+01 *13333E.0fl
56 1 -*56667E-01 *31§00E*gl 913333E*00
57 I -.56667E-Ot .31300!.01 .13333E#01
58 1 -.10809E-01 o&9668E+00 .?6299E-01
59 1 -.30668E-Cl o63316E.00 *57143E-01
60 1 -*30f,8@E-01 .63016E+60 *571lE-01
61 1 -,20f00CE-P -.IOOOOE-01 -.23333E-0I
6? 1 -.20000E-ýŽi -.IOSOOIE-0i -.23333E-01
63 1 -.20000E-01 -.10000E-01 -923333E-01
64 1 -*20080E-01 -*.I9I0OEf0I -923333E-01
65 1 *444.14E-0? -.15556E-'02 I1'0889E-01.
66 1 *3550?E-02 -,15163E-02? .1141SE-01
6? 1 *1608CE-02 -.121OOE-02 *11200E-01
68 1 *33333E-01 -*41667E-02 1l2500E-01
69 1 *Y33333E-01 -.1.1SETE-02 .1250DE-0I.
70 1 .33333E-01 -.d.166E-02 oiSCQE-G1
71 1 -.020? -e0263 -.0202
72 1 -.0207 -.0283 -.0202I.73 1 -.20545f-01 -*28182E-01 ...20000EfAti
74 1 -*2051.5E-01 -*28tW2-01 .*TO000E-0I.
75 1 -.2440CE-01 -.2tD0Eft0I -*2'.SOOE-01
76 1 e.214808E-1 -*?2'1?OE-11 .*24OOE-01
77 1-el337BE-O1 -.30M0E-01 *M05056
78 1 -.1337fE-'C1 -*30100E-01 .0:0135056

1 n.16 47 .0040 7.8
15 1.16 +8 .1.12 15. &4
21 2.75 *8 .629 20. 1.008
25 4..?? 48 *77.8 25s li*50
30 6092 46 1*903 30.15 20.13
35 3.90 48 .783 35.5 10.93
3? 2 3.83 48 37.3
39 2.51 #8 '9.136 39.8 22.15
45 3,59 #8 19116 45.4 ?4.36
46 1 5081 *8 46.8 .63 -7
4? 5.81 48 .614 47.2 13.83
40 3 1.5? #8 46o
49 1.5? 48 .323 4994 7.92
55 1.57 48 .560 55. 13.75

60s 1.7 8 1.161 59.5 28.46
614.53 *6 6108

62 1 4.53 .8 62.59 .62 -8
63 4 3.23 *8 63,
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Table A-16
(Cont 'd.)

- CAC COL'JNS --.------------------

0100C0000011111 11?2222222222333233333344444I.4455555555556E66666
l ?3456709012345E789Ol?349678901i2345•57•qO?346 7 8901234567690123456

66 ?.5q +P 3.106 Fe. 41.24
67 3.56 +:J .809 67.97 11.32
7C 1 7.07 +1 PI. .12 -6
71 1.29 +8 .687 71.38 19.42
76 4.89 +8 .925 77.*4 26.13
77 1 4.88 +8 77. .62 -A
74 2 4.54 +8 70.25
7q 4.54 +8 .846 7o. 1q.89

80 1 3.)2 +8 9 , . *qI -7
A? 7.1n +8 7.071 6c-. 92.66
a 5.26 +5 2.791 qo. 81.30

tOO 5.26 +3 3.000 100. 92.34

I`Z 5.26 +8 ?.883 110. 68.7c
5 2.26 +8 2.833 120. 88078

S30 5.26 +8 2.843 130. 88.7A
140 5.26 +8 2.853 140. 88.78
i50 5.26 +5 2.883 150. 88.79
i 7 1.20 +9 117.5
160 6.41 +9 4.469 160. 138.ql
1i 1.23 +9 7.011 170.4 94.76
170 1 2.47 +8 1Vr.5 .43 -7
!71 2.47 +8 1.387 171.7 26.71
174 3.88 +8 174.
179 5.91 +7 8.351 177.3A 100.66
182 5.98 +7 ?.5008 12.2 2?.63

ql 37 1 2.,3 +5 1.13?2 3.3

192 37 1 1 2.41 t5 10.31 .tg -3
1q3 17 1 2.43 +5 .0A1 32.3
194 37 1 1.62 +6 2.21;1 35.3 10.60
195 37 1 I 9.O +6 36.9 .80 -5

106 37 1 8.0q +6 .4r;3 37.0?

lqR s7 1 8.09 t6 37o2
1 15 7P tL 9.70 +7 5.049 72.0
325 76 1 1.21 +1 1.614 77.3
j>A 71 1 1 1.?1 +8 71. .26 -4 .32 -6

130 78 1 1.13 +7 78.25
P65 (.8-1 1 5.66 +8( 4F. .20 -4

'67 4e-1 5.66 +8 8.430 CO.5 7.4q
?f8 48-1 5.66 +8 4.431 55. 7.5,
3'6 4q8-1 5.66 +8 9.717 5q.5 8.20
" 971 48-1 1 5.66 +9 E3. .62 -4 1.

1 3 40. 1.02 200.
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Table A-17

Key Output Data from Sample Data Deck

Pa rameter Iteration

0 1 2

Cost Functions
Overall ,68164 E + 12 .65905 E + 11 .36836 E + 11

Frequency .17047 E + 12 .39695 E + 11 .96240 E + 10
Mode Shape .51117 E + 12 .26210 E + 11 .27212 E + 11

Compliances
CI .93000 E - / .83152 E - 7 .53820 E - 7

C2  .12000 E - 6 .12038 E - 6 .80930 E - 7
C3  .93000 E- 7 .60380 E - 7 .40304 E - 7
C4  130000 E - 5 .69565 E - 5 .59244 E - 5

Frequencies
fl .4888485 E + 2 .4894103 E + 2 .5546776 E + 2

f2 .1435402 E + 3 1078903 E + 3 .1124721 E 3
f3 .1435414 E + 3 .1441162 E + 3 .1485364 E 3
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